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Two-photon interactions have been studied experimentally and theoretically
since several decades. With the advent of high-energy electron-positron col-
liders, which provide an ideal environment for the experimental study of
two-photon interactions - especially the LEP collider which could perform
measurements in phase spaces not available in other laboratories - the study
of a rich variety of possible two-photon reactions became available.
A study of lepton-pair production by two photons (γγ → e+e−/μ+μ−/τ+τ−)
provides not only a very precious (O4) experimental test of QED on energies
it hasn’t been tested before, but also a must for the understanding of any
other 2-photon interaction.
The two-photons emitted by the accelerated charged particles represent
a much cleaner initial state compared to the one present in pp interactions.
This is mainly due to the much smaller theoretical uncertainty in the gluon
density and structure function of the photon. As such, two-photon collisions
are perfect tools to examine relatively low energy QCD processes and al-
low the reduction of the initial state (theoretical) uncertainties propagating
through the measurement and being present in the results.
Diffractive vector meson production takes place in the high ranges of
the two photon invariant mass (Wγγ > 3 GeV/c
2). The exclusive process
γγ → ρ0ρ0 has been examined along with the γγ → π+π−π+π− and γγ →
π+π0π−π0 interactions. The relatively high mass of the J/Ψ particle allows
the use of perturbative methods when calculating its two-photon production
cross section. The visible cross section of inclusive J/Ψ production by two-
photon has been measured and some study on the nature of its production
has been performed.
The main results are the cross sections σ(γγ− → e+e−), σ(γγ → μ+μ−)
iv
measured first time ever on these energies, the σ(γγ → ρ0ρ0) cross section,
the related studies and theoretical calculation, the evidence for the produc-
tion of the f2(1270) tensor meson not explained by the theories, the high
energy study of the γγ → π+π0π−π0 reaction and the cross section of the
inclusive J/Ψ production which has only been measured by one single ex-
periment before. All the obtained results are compared against relevant
theoretical models.
The author of this thesis also played a leading role in the development
of the computing infrastructure of the next generation of colliders, the LHC
Computing Grid which is by now installed and heavily used worldwide for
physics analysises including this present thesis. The developed configuration
software is the most widely deployed Grid middleware component running
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1
1 Introduction
The aim of the present thesis is to provide a description of the work we have
done in the field of experimental 2-photon physics during the period of 2002-
2006. Because of the relatively wide range of physics analyses the author was
involved there is no room in the thesis to describe all the technicalities of each
analysis, but instead we concentrate on a relatively dense, still progressive
and followable approach which includes the key elements of the analysises,
chapter by chapter.
The Large Electron Positron Collider (LEP) has been operated between
the years 1991 and 2000. The attention of the experiments and that of the
world’s physics community was focused mainly on the most exciting high-
energy electron positron annihilation events. However there was an other
collider operating at the same time in the same tunnel i.e. a photon collider.
High energy charged particles approaching each other emit an intense beam
of photons which could collide, interact and the cross section of this process
is an order of magnitude higher than that of the annihilation ones, and as
such, is a perfect tool for the study of 2-photon collisions. The huge amount
of registered 2-photon events made it possible that even 7-8 (or even more)
years after the shutdown of the LEP collider still a lot of challenging and
exciting photon-photon collision channels remained to analyze.
Instead of describing in this introduction the full theoretical framework
this piece of work belongs to, we just only draw the ’big picture’ here and
discuss the deeper details in the beginning of each relevant section. This
helps the reader to obtain an instant overview without getting lost among
the more sophisticated and difficult details.
2 1 INTRODUCTION
1.1 The Standard Model of particle physics
According to the current state of physics it is the Standard Model (SM) which
fits the best to our World and describes it with the highest accuracy. The
model unifies the electric-, the weak- and the strong forces into one gauge
field theory with the gauge group being SU(3)×SU(2)×U(1). The Standard
model is not a complete theory since it does not include the gravity.
All ’players’ of the Standard Model belong to one and only one of the
two groups of fermions or bosons. The fermions are the particles forming the
matter, while the bosons are the so called force mediating particles.
Up-to-date apart from their antiparticles there are 12 different fermions
known and accounted for. The 6 quarks - those particles carrying a color
charge, i.e. participating in the strong interactions - (namely the up, down,
strange, charm, bottom, top) and the 6 leptons (the electron e−, the muon
μ−, and the tau τ− and their neutrinos νe, νμ, ντ ) together form 3 genera-
tions.
The bosons are
• the photon otherwise called the γ particle which mediates the electro-
magnetic force between electrically charged particles,
• theW+,W− and Z gauge bosons mediate the weak interactions between
particles of different flavor, all quarks and leptons, These electroweak
gauge bosons are massive and the W+W− carry electric charge, as well.
• the eight gluons mediate the strong interaction between color charged
particles (the quarks). Gluons are massless and they carry color charge.
The various possible interactions (except gravity) between all the above
particles is described by the Standard Model.
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Technically quantum field theory provides the mathematical framework
for the Standard Model. The Standard Model describes each type of particle
in terms of a mathematical field. The Lagrangian density of the theory then
can be used to perform various calculations. It is handy to deal separately
with the various parts of the Standard Models Lagrangian.
The electroweak sector The electroweak sector is a Yang-Mills gauge
theory with the symmetry group U(1)xSU(2)L. The electroweak Lagrangian












ψ+LY M(Bμ)+LY M(−→W μ), (1)
where Bμ is the U(1) gauge field, YW is the weak hypercharge, Wμ is the
three-component SU(2) gauge field, τL are the Pauli matrices, g and g
, are
coupling constants.
The Higgs sector The Higgs sector of the Lagrangian is responsibe for
the masses which are generated through spontaneus symmetry breaking. The
Higgs field is a complex spinor and belongs to the SU(2)L group. The Higgs













Despite of the outstanding success of the Standard Model the Higgs sector
(the Higgs particle) still needs (direct) experimental confirmation.
The strong sector The Quantum Chromodynamics(QCD) is the part of
the SM which describes the strong interaction of elementary particles. Its










where Dμ is the covariant derivative, g is the coupling constant, Fμν = ∂μAν−
∂νAμ−ig[Aμ, Aν ] is the curvature of Dμ, and qj are the fermionic matter fields.
1.2 About leptons
The leptons are fundamental building blocks of the Standard Model. They
are believed to be point-like elementary particles. Each lepton starts out with
no intrinsic mass, but the charged ones obtain an effective mass through the
interaction with the Higgs field. Leptons have negative charge while their
antiparticles are positively charged. Leptons are fermions - spin 1/2 particles
- and are subject to the electromagnetic force, the gravitational force and
the weak interactions. But unlike quarks, leptons do not participate in the
strong interaction. Leptons are forming 3 generation (I: (e−, νe), II: (μ−, μμ),
III: (τ−, ντ )), each generation’s weak isospin doublet is assigned a leptonic
number that are conserved under the Standard Model. As it is seen from the
electroweak part of the Standard Model’s Lagrangian leptons are interacting
with the quantum of the electromagnetic field, the photon. So, high energy
photons could fluctuate into lepton-antilepton (or quark-antiquark) pairs.
During photon-photon collisions if one or both of the photon fluctuates into
lepton-antilepton (or quark-antiquark) pairs and these pairs interact, then
photon-photon scattering / ’collision’ could take place. Such kind of 2-photon
reaction is the 2-photon lepton pair production examined intensively in this
thesis.
A detailed description of this process is given in Chapter 4.
1.3 About vector mesons
Mesons are strongly interacting bosons having integer spin. Mesons are com-
posite particles composed of quark - antiquark pairs. All known mesons
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are believed to consist of a single quark-antiquark pair - the so called valence
quarks - plus a sea of virtual quark-antiquark pairs and virtual gluons. There
exist many kinds of mesons. They can be neutral or carry electric charge.
All mesons are unstable. The pseudoscalar mesons are the ones where the
quark and antiquark have opposite spin.
The vector mesons have odd parity and spin 1, where the quark and
antiquark have parallel spin. Such vector mesons are for example the ρ, ω,
φ, J/Ψ The quantum numbers of the vector mesons are the same as that of
the photon (JPC = 1−−), which makes possible the diffractive vector meson
production in 2-photon collisions. In a simplified pictures one can imagine
that during a photon-photon collision both photons fluctuates into quark-
antiquark pairs and a colorless 2 or 3 gluon exchange interaction happens
between the two qq̄ pairs resulting massive vector mesons in the final state.
How exactly the diffractive processes are working and how well they are
understood by theory is described in details in Chapter 5.
1.4 Thesis objectives
In this thesis we concentrate on the study of lepton-pair and vector meson
production in two-photon interactions. Our goals could be summarized as
the followings:
• Measurement of the two-photon lepton pair production cross
section at LEP2 energies. This has never done before by any ex-
periment
• Study of exclusive light vector meson productions. The study
of (diffractive) production of vector mesons in the high Wγγ region
where one does not expect resonances helps in understanding the na-
6 1 INTRODUCTION
ture of diffractive processes and the properties of the elusive pomeron1
Determination of the t dependence of the diffractive cross section.
• Calculating the γγ → ρ0ρ0 cross section using the semi hard
approach. Applying one of the relevant theory to the process and
phase space available for us.
• Measurement of the e+e− → e+e−J/ΨX production cross sec-
tion. The high mass of J/Ψ particle up to some extent justifies the
use of perturbative calculation methods, thus opens a new way of com-
paring various theories with experimental measurements.
The rest of the thesis is organized as follows:
In Chapters 2 we present the LEP collider and give a detailed description
of the L3 detector used for our work. Since the author was also heavily
involved in the development and coordination of the computing infrastructure
of the next generation of colliders and intensively used this infrastructure for
his analysis, we also give a brief summary about the purpose, functioning
and success of the LHC Computing Grid.
In Chapter 3 we present the theoretical basics of 2-photon physics, the ex-
perimental terminology, and theoretical approximations used generally in the
experimental 2-photon physics community and review the available Monte
Carlo generators used during this study.
The study of the pure electromagnetic two-photon lepton pair production
processes, such as γγ → e+e−, γγ → μ+μ− and γγ → τ+τ− are essential
not only to verify the prediction of QED at energies it has not been tested
before, but also to completely understand the low energy behavior of the
1The definition of the pomeron and of t dependenc of the cross section is given in the
relevant section.
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detector optimized to, and calibrated at much higher energies. These pro-
cesses also play an important role in the study of other channels, thus their
study is inevitable for any other meaningful two-photon analysis. Chapter 4
is dedicated to the description of this work.
A wide overview of the current theoretical understanding of two-photon
vector pair production is given in the first part of Chapter 5. This is to
help the reader with assessing the importance of the physics of two-photon
vector meson production and its relation with various other fields of particles
physics. In the second part of the same chapter we go deeply in understanding
one of the favorized theory and perform a calculation which gives a prediction
for the channels in question and for the phase space available for us.
Chapter 6,7 and 8 are devoted to the study of two-photon vector me-
son production. Three separate production channels, 2 exclusive (γγ →
π+π−π+π−, γγ → π+π0π−π0) and 1 inclusive (γγ → JΨX) have been an-
alyzed and compared to the theoretical predictions. Due to the low cross
section of the γγ → J/ΨX process we encountered several technical diffi-
culties in its analysis. Our first attempt to detect inclusive J/Ψ production
through its cleaner muonic decay has failed, while we have reached partial
success when the same channel observed using the electronic decay. When
comparing our data to the theory we found good agreement at some places,
while at some other aspects we found unexpected and exciting new features,
to be understood by further analyses and theoretical works.
At the end of this thesis in Chapter 9 we give a summary of the work and
the results achieved, along with references to our publications, together with
a detailed list of tables containing the actual results.
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2 The experimental apparatus
Without the knowledge of the structure and the working of the detector the
data analysis is (almost) impossible. Here we devote some pages to a short
description of the L3 detector. A detailed description can be found elsewhere
[1].
2.1 The LEP collider
The owner of the largest electron-positron collider of the world, the European
Organization for Nuclear Research (CERN)2 is situated near Geneva, it lies
on the the French-Swiss border. The LEP collider is made up of eight arcs
and eight straight pieces, their overall length exceeds 27 km.
The acceleration of electrons and positrons takes place in several steps.
(Fig. 1) The electrons coming from the linear accelerator (having 200 MeV)
are used to produce positrons, and electrons with 600 MeV are collected
in the Electron-Positron Accumulator (EPA). After every 10 seconds the
collected electron bunches are passed to the Proton Synchrotron (PS) and
accelerated up to 3.5 GeV. The rest of the energy necessary for the injection
to the LEP ring are given to the electrons in the Super Proton Synchrotron
(SPS), where their energy reaches 22 GeV. The electron3 current in LEP was
around 6 mA, the maximal beam energy was around 104 GeV in 2000.
The particles of the beam are forming bunches of a 22 μs length.4 For the
2The name originates from the Conseil Européen pour la Recherche Nucleaire which
was framed in 1951. The council decided to set up a laboratory - for nuclear researches -
near Geneva, in 1953.
3The expression ’electron’ is used for electron and positron as well in the rest of this
work. Distinction will be made only if it is necessary.
4The numbers given in this section have reference to the technical properties of the
collider and detector facility in 1999. This year has nothing special to do, except the fact
2.1 The LEP collider 9
Figure 1: The steps of electron acceleration and the schematic view of the
acceleration complex.
sake of higher luminosities the bunches are divided further to 2-4 bunchlets.
Their distance is 334 ns. The particle beam is kept on track by dipole mag-
nets, focused to the interaction points by quadrupole magnets, disturbances
and small imperfections are corrected using higher order magnetic poles.
With the help of a continuous focusing and defocusing procedure the beam
can be kept dynamic and a 200 μm horizontal and 8 μm vertical transverse
size is reached. The electron and positron beam intersect each other in the
four interaction point where the ALEPH, the DELPHI, the L3 and the OPAL
experiments can be found.
that the collider reached the highest integrated luminosity in this period.
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Figure 2: The perspective view of the L3 detector.
2.2 The L3 detector
One of the main original purposes of the L3 detector installed in the Nr.
2 interaction point of the LEP collider was the high efficiency detection of
electrons, photons and muons and the high precision measurement of their
energy and momenta.
All the subdetectors are placed inside a solenoid magnet the job of which
is to create and supply a 0.6 T strong magnetic field. The placement and the
fixing of the subdetectors is helped by the 32 m long support tube which has
a 4.45 m diameter. It is in direct mechanical contact with the beam-focusing
elements which makes possible the high precision position determination of
the detector elements with respect to the beam.
2.2 The L3 detector 11
The onion-skin like structure of the detector can be seen in Figure 2. The
inner tracking system consists of a thin silicon detector (Silicon Microver-
tex Detector, SMD) and a special multiwire gas chamber (Time Expansion
Chamber, TEC) for the detection of charged particles. The thickness of the
electromagnetic and hadronic calorimeter is to measure the total energy of
electromagnetic and hadronic particles. Since the probability that muons
pass the calorimeters without interaction is high, their detection requires
separate subdetectors. This is the duty of the outermost elements of the L3
detector, that of the muon chambers. Further subdetectors can be found near
the beam-line. They are for the detection of small angle scattered particles
like Bhabha electrons or the scattered electrons of two-photon interactions.
2.2.1 The magnet
The whole detector is surrounded by the 11.9 m long magnet which has a 11.4
m diameter and is applicable to supply a 0.6 T strong magnetic field. This
configuration greatly helps the measurement of the energy and momentum
of charged particles. The big volume and the relatively low magnetic field
is optimized to the determination of the momenta of muons. It’s precision
depends linearly on the magnetic field and quadratically on the length of the
track.
The coil is made up of aluminum, the yoke – which returns the magnetic
field lines – is of soft iron. The coil is followed by a special shield in or-
der to protect the other elements of the detector from the variation of the
temperature.
Inside the detector the magnetic field is scanned by Hall-probes and the
continuous control is realized by more than 1000 magnetoresistors. Further
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five NMR-probe are used to determine the absolute value of the field.5
The 1.2 T magnetic field of the forward-backward muon chambers is pro-
vided by two more magnets installed at the endcaps of the detector.
2.2.2 The inner-tracking system
The innermost element of the inner-tracking system, the Silicon Microvertex
Detector (SMD) which is for the precise determination of the position of the
primary interaction point is followed by two concentric special gas chambers,
the inner and the outer Time Expansion Chambers (TEC). The outermost
5The Hall-probes are suitable to the measurement of magnetic fields in the order of
some Tesla. The basic idea of working is the following: putting a conductor in magnetic
field, the current electrons will be forced to shift perpendicularly to the magnetic field and
their direction of motion (current direction), thus producing a voltage difference in the
two sides of the conductor which is proportional to the strength of the magnetic field.
The magnetoresistors have the property of changing their resistance with changing mag-
netic field. From the technical point of view the thin, anisotropic films are excellent. Their
resistance depends not only on the strength of the magnetic field but also on the angle
between the direction of the intrinsic magnetism and the current direction.
The working of the NMR-probes is based on nuclear magnetic resonance. The projection
of the spin of a particle to the direction of the magnetic field in which the particle is
placed can only have discrete values, thus its energy will be quantized as well. The
transition between these different energy states is realized by absorption or emission of
photons with well determined energies. This energy depends on the absolute value of the
magnetic field and on the giromagnetic coefficient. Usually, the NMR-probes are made
up of a copper block with a resonator inside. (The material of the resonator is proton
(hydrogen) up to 2 T magnetic field. In case of stronger magnetic fields deuterium is used.)
The absorption of an electromagnetic radiation (produced by a variable frequency electric
circuit) in the resonator material maximize at frequency corresponds to the transition
between the different energy states. Looking for the maximum of the absorption - by
chancing the frequency - it is possible to determine the strength of the magnetic field if
the giromagnetic coefficient is known.
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subdetectors of the inner-tracking system is the Z-chamber. The properties
of a track of a charged particle going through all the three parts of the inner-
tracking system can be measured at best in 62 points.
In order to understand better the geometry of the detector here we de-
scribe the coordiiante system used. The z axis is paralell to the beam and
points toward the direction of the e+ particles. The x axis is horizontal and
points to the middle of the LEP ring, while the vertical y axis points to the
sky. The origo is in the nominal interaction point of the L3 detector. Let
p be a point in the detector. The position of this p point can also be de-
scribed with the r,θ,φ variables. The Θ angle of point p is the angle between
the x − z plane and the line connecting the point and the origo and varies
between −π and +π, while the φ angle is the angle between the x axis and
the projection of the line connecting the point and the origo onto the x− y
plane with values ranging from 0 to 2π.
Charged tracks in the 22o < θ < 158o angular interval can be detected
by the two, 300 μm thick silicon layer of the SMD6 placed 6 and 8 cm far
from the interaction point. The strips on the two sides of the chips are
6The application of semiconductor detectors spreads over the world after the early
eighties. The basic idea of working is the following: The charged particle traversing the
semiconductor layer creates electron-hole pairs. Before the recombination, the external
electric field drives the electrons to the electrodes, where they produce an electric pulse.
The amplitude of the pulse is proportional to the energy-loss of the particle, which can be
measured very precisely, since the energy necessary to create an electron-hole pair is very
small (3.6 eV), compared for example, to the typical ionization energy of gases (30 eV), or
to the minimum energy of an electron (300 eV) leaving the photocatod of a photomultiplier
connected to a plastic scintillator. They have extremely good properties. It is possible to
distinguish between tracks separated by only 10 μm! The typical time response is in the
order of 5 ns. An alternative material in the future can be GaAs [2], or diamond [3], which
has a better resistance against radiation but in the same time much more expensive.
















Figure 3: The r-φ view of the TEC subdetector
perpendicular to each other, while two strips from the same side of the two
chips has a 2o opening angle for the sake of better track reconstruction.
The TEC7 is a 1260 mm long cylindrical gas chamber with 983 mm di-
ameter. It contains CO2 in 80 % and C4H10 in 20 %. The gas pressure is
1.2 bar, the relatively low drift speed of the electrons is 6 μm/ns. The TEC
is divided into 12 uniform sectors in the inner region and to 24 in the outer
region. The electrons ionized by traversing charged particles are collected by
the anode wires.
The position of the tracks can be calculated using the position of the
anode wires and the measured drift time. The high-voltage region of the read-
out anode wires is separated from the drift region by special field shaping
7The use of TEC detectors was proposed first by Walenta [4]. The working of TEC is
very similar to that of TPC (Time Projection Chamber). The difference is the almost one
order of magnitude lower drift speed, and the different separation of the amplification and
drift region. The average position determination precision is around 40 μm [5].
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wires. All of the 62 wires in each sector are applicable to the determination
of the r − φ coordinate of the track and 11 of them can be used to measure
the z coordinate using charge division 8. The drift time is determined using
the centre-of-gravity method 9.
After the signal is read out from the anode wire - after cutting the ion-
tail 10 - it goes through digitalization. Regarding the centre-of-gravity of
the digitalized signal as the ’real’ drift time the position of the track can be
determined with high precision. It reaches 50 μm if the drift length is less





The TEC is surrounded by the Z-chambers, two cylindrical proportional
counter. In each cylinder one can find a perpendicular wire-system, and
8The principle of the determination of the z coordinate using charge-division is the
following: Let us have some charge reaching an L length wire at a z < L/2 point. The
charge ’see’ different resistances towards the two ends of the wire. The fraction of ampli-
tudes of the detected electric pulses caused by the charge at the two ends of the wires can
be calculated and yields : QbalQjobb =
β+z/L
β+1−z/L , where β is the ratio of the impedance of the
read-out electric circuit and the resistance of the wire. Using this formula the z coordinate
can be determined.
9The electric pulse on the read-out wire is not point-like. It has an extension in time,
thus one has to define the point (τ) between the beginning and the end of the impulse





f(t)δt, where f(t) amplitude of the pulse as a function of time. In other
cases, other methods could be more meaningful. The weighted average (WA), the gauss
(G), the double gauss (DG) and the Breit-Wigner (BW) methods are also used [6].
10The origin of the presence of the ion-tail is explained here: The ionized electrons
approaching the anode wires go through the amplification region where they accelerate
and ionize other electrons. The remaining ’heavy’ positive ions move in the opposite
direction causing the characteristic ion-tail at the end of the signal. This tail does not
carry information about the the physical properties of the event, thus shouldn’t be taken
into account.






















Figure 4: A detailed draw of the TEC structure.
another one which has a 70o opening angle respect to the z axis. The Z-
chambers are suitable to measure the coordinates of tracks in the 45o <
θ < 135o angular interval.
The Forward-Backward Tracking Chambers are connected to the elec-
tromagnetic calorimeters and make it possible to measure the properties of
charged particles in the θ > 12o angular interval.
2.2.3 The electromagnetic calorimeter
One can classify the particles into two groups: electromagnetic and hadronic
particles. The difference between these two type of particle is that, that
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the latter one is subject to the strong interaction. Their detection requires
different techniques, thus different subdetectors. The detection of electro-
magnetic particles is realized by the electromagnetic calorimeter described
in this subsection.
High energy photons lose their energy dominantly through electron-positron
pair production. These electrons radiate other photons which ones produce
other fermion pairs, and so on... At lower energies the Bremsstrahlung and
ionization processes have also important contributions. As an effect of the
above processes the electromagnetic particles interacting with matter pro-
duce an electromagnetic shower. Examining the structure of a shower pro-
duced by an electron and another one produced by a high energy photon,
one can conclude that they are very similar, thus their detection can be
performed (almost equally good) with the same subdetector.
The low energy shower-electrons excite the grid-electrons of the bismuth-
germanium-oxide (Bi4Ge3O12, BGO) crystal. When the de-excitation take
place green light is emitted. Since the crystal is transparent in the optical
region this light can be detected by the two photodiodes11 connected to the
end of each crystal. The number of emitted photons is proportional to the
energy of the shower, thus to the energy of the incident particle.
The electromagnetic calorimeter is shown in Figure 5. It covers the 42o <
θ < 138o (barrel) and the 12o < θ < 38o (endcap) angular regions. The
38o < θ < 42o interval is filled with mechanical supporting elements (e-gap).
The axis of the crystals points to the interaction point in θ and is twisted with
6o - for the sake of better usage of space - in φ. As a result of the very short
11The comparison of the photodiodes to the ’traditional’ photomultipliers discover a lot
of advantages: high (70-90 %) quantum efficiency, inresistance to the magnetic field, small
extension. The basic idea of working is that, the electrons go through on the potential
gap of the semiconductor using the energy of the incoming photons.

















Figure 5: Subdetectors in the inner part.
radiation length12 of the BGO crystals (X0=1.12 cm), the electromagnetic
calorimeter is very compact. The crystals are 24 cm long, their cross section
is 2x2 cm in the barell and 3x3 cm in the endcap region.
The energy of the incoming particle can be determined with 5 % precision
up to 100 MeV and with less than 1 % over 2 GeV. The spatial resolution can
12Some quantity describing the interaction of the particles with matter [7]: After one
radiation length the energy of the particle is the 1/e-th part of it’s initial energy. The
particle has critical energy if it’s radiative energy loss is equal to it’s energy loss due to
ionization. The average transverse displacement of an electron with critical energy after
passing one radiation length is called the Moliere-radius. The term interaction length
refer to the interaction of hadronic particles with matter. Let’s imagine the matter as a
collection of balls with R radius and A mass number. In this case the cross-section of the
interaction between the incident particle and the matter can be written as σint = πR
2 ∝
A2/3. The interaction length is defined as λint =
A
NAσint
∝ A1/3. The absorption length is
mean-free path of a particle in the matter before it undergoes an inelastic scattering.




Figure 6: Shapes of an electromagnetic and a hadronic shower in the BGO.
be better than 2 mm. Approximately every 12th crystal contains a tempera-
ture resistor which is read out in every thousand second and the calibration
is corrected in agreement with it’s value. The magnitude of self-absorption
and the amount of light produced in an interaction are influenced by the
aging of the crystals and the amount of suffered radiation over the years.
High precision almost monochromatic Xenon lamps are placed between the
crystal to control this phenomena times to times.
Generally the shower spreads over more than one crystal. The shape of
the shower and the distribution of the energy among the incident crystals
can be used to distinguish between electromagnetic and hadronic particles.
(See Figure 6) Several correction algorithms - optimized for electrons and
photons - have been worked out to take into account the distortion effects of
the crystals (like finite size, dependence on the coordinate of the interaction
point, small gaps between the crystals and other imperfections..). A particle
is regarded as an electron if the fraction of energy measured in the BGO and
the momentum determined from the track is greater than 0.4.
The energy of low-energy hadronic particles stopping before the hadronic
calorimeter is determined using the uncorrected sum of the energy of the 25
crystal containing the bulk of the shower.
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2.2.4 The hadronic calorimeter
Hadronic particles cannot be completely absorbed in the electromagnetic
calorimeter. The hadronic calorimeter - essentially a sandwich-like structure
of proportional counters and uranium absorbers arranged into towers - covers
99.5 % of 4π (corresponding to 5.5o < θ < 174.5o angular interval). The size
of the towers in the direction parallel to the beam is 5 cm in the barell region,
and it corresponds to Δθ = 1o at the ends, while the azimuthal extension is
around 2.5o everywhere.
The fact, that the particles originating from the primary vertex have to
go through a 6-7 absorption length thick matter guarantee that only muons
can reach the muon chambers.
2.2.5 The luminosity monitor
The primary aim of the luminosity monitor covering the 31 mrad < θ < 65
mrad angular region is the precise measurement of the luminosity of the LEP
collider through the observation of small angle Bhabha scattering13, but it
plays an important role by the observation of the scattered electrons of two-
photon interactions and by the realization of higher hermeticity of the L3
detector, as well. It has two-part:
The silicon tracking device (SLUM) which is for the precise observation
of charged particle tracks (Δθ ≈ 0.1 mrad), is followed by the luminosity
BGO which is capable to determine the energy of the particles with 0.5-1%
uncertainty.
13Bhabha scattering (elastic scattering of electrons on positrons) is an experimentally
and theoretically well understood pure QED process, thus it can be used for precise lumi-
nosity measurement. From the number of observed Bhabha events the luminosity can be
determined, since it’s cross section is known.
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2.2.6 The muon chambers
Muons with energy greater then 3 GeV go through the calorimeters and reach
the muon chambers. Each of the three layers consist of 5 gas chambers used
to measure the transverse momentum and other 6 are for the z coordinate14
determination. The forward-backward muon chambers have three layers as
well. Two out of these three layers lie in the magnetic field of the toroid
magnets. The complete muon chamber system is applicable to determine
the momentum of muons in the 24o < θ < 156o angular interval with
Δp/p = 2.5 % precision. The exact position of the chambers is controlled by
laser beams and cosmic muons and for the energy calibration the Z → μ+μ−
events are used.
2.2.7 The trigger system and data acquisition
One can call the trigger system as the bandmaster of the subdetectors. Its
job is to pick out the well measured and physically interesting events. As a
result of its work, out of the 45 thousand only some events will be stored in
every second. The trigger system has three levels with different complexity.
After every event the signal of the subdetectors is read out by a special,
so called front-end electronics. The task of the level-1 triggers is a rough
estimate whether the event is interesting or not. Their decisions are born
in some μs after the collision, and if the answer is ’yes’ the data acquisition
system reads out the full information provided by the subdetectors before
the next collision, i.e. in 22 μs. After the digitalization - which requires
500 μs - the information is passed to the level-2 and level-3 triggers. Due to
14The official coordinate system is used: Right-handed, the z axis is parallel to the
beam and points to the direction of flight of the electrons. The x axis points horizontally
towards the center of the LEP ring.
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the event cancellation by the level-1 trigger the initial 45 kHz event-rate is
reduced to approximately 100 Hz. Some of the level-1 triggers:
• The inner-TEC trigger uses the decision of a special neural network
trained to select low multiplicity15 events and reject beam-gas and
beam-wall16 events.
• The outer-TEC trigger uses the information of the 24 sector of the
outer-TEC. Events with two (more or less) back-to-back tracks will be
accepted if the transverse momentum of both of the tracks exceed the
150 MeV and their acolinearity17 is less than 41o.
• The answer of the energy-trigger depends on the energy found in the
electromagnetic and hadronic calorimeters.
• The tower-trigger says ’yes’ if it finds a concentrated energy deposit in
the hadronic calorimeter.
15The multiplicity of an event is the number of the final-state particles.
16The electrons are accelerated and circulated in a steel tube which has approximately
10 cm diameter. Despite the high quality vacuum created in this tube it is possible
sometime that one of the beam electron collides with a remnant gas atom or molecule.
These false events are called beam-gas events. The beam-wall events are those when a
beam-electron collides with an element of the detector. This can happen in several way: a)
The focusing quadrupole magnets - for the sake of better efficiency - are placed very close
to the beam. Sometimes a beam-electron hits these magnets and produce false signals.
b) After a ’regular’ collision the outgoing particles have to go through on the wall of the
tube where they can interact with the matter and produce secondary particles. This is
an other source of ’false’ events. (The matter of the tube is berilium - instead of steel -in
the close environment of the primary interaction point in order to reduce the probability
of this ’background’ interactions.)
17The acolinearity is the complementary angle of the angle between the projections of
the two tracks to the x-y plane.
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• The photon-trigger was put in service to select the Z → ννγ kind
events. (An empty detector only with an electromagnetic shower.)
• The luminosity-trigger accept an event only if it finds sufficient amount
energy in the luminosity monitor.
• The muon trigger select events when it finds signals at least two layers
of the muon chambers at the same time.
Events with at least two level-1 trigger ’yes’ are written to the tape with-
out further examination. Events with only one ’vote’ - in order to reduce the
background contribution - are passed to the level-2 and level-3 trigger.
The flow of the information necessary for the level-2 decision is controlled
by 4 special computer chip. The secondary level trigger has much more
information in it’s ’hand’ comparing to that of the primary level trigger.
A part of this information wasn’t accessible at the time of the first level
decision because their time-consuming processing procedure, like the signal
of the charge-division wires. Only 20 events are accepted in every seconds
by the level-2 trigger.
The level-3 trigger has enough time to examine all the important attribute
of an event with the help of special computers designed to this purpose.
Approximately only 10 events is written to the tapes in every seconds after
the level-3 decision.
The majority of the computers used for this data processing are DEC VAX
machines connected by an Ethernet network. The signal of each subdetector
is handled by separate computers, and a bunch of other machines serve as
command prompt and graphics terminal in the control room. With the help
of this machines one can get information concerning the actual working of
the subdetectors in every instant and apply some modification if necessary.
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All the selected events are given a number and after converting into
machine-independent format written to the tape. In order to make possi-
ble the exact reconstruction of each event, several other information have to
be monitored, controlled and saved as well (like the temperature, pressure,
drift speed, strength of magnetic field and so on...). These kind of informa-
tion is written to the tape with the data and is taken to an approximately
one week long ’online database’ as well, where it is possible to examine the
time dependence and the correlation of these variables.
2.2.8 The event reconstruction
The measured data and the Monte Carlo simulations get their final form
after the so called off-line reconstruction. This is the step when the electronic
signals of different subdetectors are translated to form physical interpretable
information.
The reconstruction of the tracks of the TEC takes place in two steps.
First the r-φ projection of the track is calculated using the signals of the
wires. (The DCA18 and the φ angle can be determined in this phase of the
reconstruction.) In the second step the information of the charge-division
wires is analyzed and the θ coordinate of the track is calculated.
The reconstruction program creates bumps and associates them with the
local maximum of the showers found in the electromagnetic calorimeter, thus
(in general) with one incident particle. Sometimes it happens that the shower
is originating from two hoaxing particle. In this case the maximum is blured
and not as significant. Some correction algorithm tries to take into account
this phenomena with more or less success. Examples exist for the opposite
18DCA means Distance of Closest Approach, the shortest distance between the primary
vertex and the projection of the track to the x-y plane.
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cases, when one particle creates two (or even more) showers. (Like the case
of charge-exchange.) It is harder to recognize this kind of events.
Due to the 3 dimensional detection of hadronic showers their reconstruc-
tion is slightly more difficult, but the basic idea is the same. First the signals
of the proportional counters are collected radially and the distinction of the
bumbs happens only after it is done.
After the signals of the muon chambers are reconstructed in each segment,
in each layer, the program fits them together to form a muon track.
The reconstruction of different objects proceeds independently using the
signals of different subdetectors. The pairing of objects reconstructed in
different subdetectors, the recalculation of quantities , and their associa-
tion with particles happens afterwards. In order to take into account the
differences between the electromagnetic and hadronic showers, the spatial
dependence of the detection efficiency and the fluctuations, the energy of
bumps are multiplied by a scaling factor which depends on the position of
the bumps and on the type of the particle.
After all of this the reconstructed objects are going to be saved with a
pointer. This pointer shows the supposed relationship between the different
objects. Since the quality requirements are different in different physical
analyses this pairing (and other things as well) can be judged and overwritten
by the user in any case, thus the further analysis is not the reconstruction
program’s job.
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2.2.9 The simulation of the detector
The Monte Carlo simulation of the L3 detector is based on the GEANT19[8]
package. Simulated physical events are generated with different Monte Carlo
programs and the type and the 4-momentum vector of the final state particles
are passed to the GEANT package which simulate all the signals and dis-
tortion effects of the subdetectors produced by the incident particles taking
into account the current status of the L3 machine. Simulated and measured
data are treated exactly in the same way.
2.3 The computing environment
This chapter gives a brief description of the tools, programs, etc. used during
the analysis.
After the data has been saved to the tapes, one can start with their
analyzation. The first step is to reduce the enormous amount of data down
to a reasonable size.
The programs used rely heavily on the FORTRAN 77 [9] based CERN-
LIB [10] library and module collection. FORTRAN 77, C++ [11] as well
as AWK20 [13] and PERL (Practical Extraction and Report Language) [12]
routines were used during the analysis. The editing of FORTRAN programs
was made easier by the PATCHY [14] utility. For the purpose of analyzation
and visualization the PAW (Physics Analysis Workstation) [15] and GNU-
PLOT [16] programs were used. The programs were compiled under UNIX
and Linux operating system and run on PC and HP machines.
19The name GEANT refer to the words GEometry And Tracking. The origin of the
program traces back to the early ’70s.
20The three letter refer to the names of the authors: Aho, Weinberger and Kernighan.
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2.4 The LHC Computing Grid
2.4.1 Introduction
The world’s largest and most powerful particle accelerator, the Large Hadron
Collider (LHC), is being constructed at CERN, the European Organization
for Nuclear Research, near Geneva on the border between France and Switzer-
land.
The accelerator will foreseenly start its operation during summer 2009
and will be used to answer the most fundamental questions of science by
some 6,000 people from universities and laboratories all around the world.
The computational requirements of the experiments that will use the LHC
are enormous: 12-14 PetaBytes of data will be generated each year, the
equivalent of more than 20 million CDs. Analyzing this will require the
equivalent of 70,000 of today’s fastest PC processors.
The goal of the LCG project is to meet these unprecedented computing
needs by deploying a worldwide computational grid service, integrating the
capacity of scientific computing centers spread across Europe, America and
Asia into a virtual computing organization.
This kind of computational infrastructure is not just a quantitative jump
compared to that of the previous experiments but is a new approach in
peta-scale data processing which is essential to achieve the goal of the LHC
machine.
Here we give a very short description of the infrastructure since the author
of this thesis has done a significant contribution to the EGEE project ex. [93]-
[97], with his colleagues established the HunGrid VO and also heavily used
the system during the preparation of the present thesis.
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2.4.2 The LHC computing model
There are several advantage of distributed computing over centralized clus-
ters, a fact that makes Grid computing perfectly suitable for international
collaborations distributed over geographical and institutional domains. The
basic properties of a Grid include scalability, robustness, decentralized ser-
vices, no single point of failure, etc.. However, in practice the main consumer
of the EGEE Grid is the LCG project which goal is to process the data of
the LHC experiments that comes from a central point (i.e CERN) and as
such the LCG computing model is organized into so called Tiers (Figure 7).
The CERN computing center is the T0, there are 12 big computer center
acting as Tier-1 around the world, while there is hundreds of small computer
center having the role of a Tier-2. The data processing will happen as the
followings:
• In the T0 center, the data comes from the detector backend online sys-
tem and a.) is recorded immediately to tape storage b.) goes through
the first pass reconstruction and converted into specific data format
RAW, RECO, AOD. The reconstruction rate is around 150-300 Hz.
• These converted data sets are sent to the Tier-1 centers with an average
of 600 MB/s throughput where they are recorded to tape and also
scheduled data processing , skimming and reprocessing happens.
• The task of the Tier-2 centers is to run user analysis jobs (data mining)
and MC simulations (production jobs). The transfer speed from T1-T2
is around 50-500 MB/s.
The total number of analysis and production job exceeds 200.000/day,
while the necessary number of fully reconstructed MC events will be more
than 1.5 ∗ 109/year.
2.4 The LHC Computing Grid 29
Figure 7: The CMS computing model
2.4.3 Grid services
The various computer centers have to be connected and informed about each
other’s state in order the jobs to be sent to the most appropriate place for
fastest execution. This coordination is done bye the Grid Middleware and
several Grid services (Figure 8).
• The computer centers must have at least one Computing Element (CE)
which acts as a frontend between the rest of the Grid and its own local
cluster nodes. It receives, schedules and sends jobs to the local cluster
and informs other Grid services about the status of the nodes.
• The Worker Nodes (WN) are the cluster computers performing the
actual job execution and data processing. They can be isolated from
the outside world and communicate with their local CE only.
• The Berkley Database Information Index, the BDII [102] is the ser-
vice which collects the information reported by the CEs and reports
it whenever a service queries. Its database contains the ’state of the
Grid’ and is updated in every two minutes.
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• The Workload Management System (WMS) or the Resource Broker
(RB) is the service which decides to which destination a job should
be sent. Using the filtered information of the BDII after matchmaking
and ranking it chooses the site which provides the shortest expected
execution time for the job.
• Various data transfer task are performed by the File Transfer Service
(FTS)[103],
• while the actual storage of the data is the task of the Castor, dCache[106],
DPM[104], BestMan and Storm services.
• Location independent logical file names are assigned to each data set
and are stored in the Lightweight File Catalog (LFC)[105], while
• for storing the metadata information of the files the AMGA[107] service
is used.
• The users of the Grid are interacting with the system using the User
Interface (UI) a set of client tool to submit or cancel a job, retrieve its
output , query the information system and perform various file trans-
fers.
• All these services are installed and configured using the Yet Another
Installation Manager, aka YAIM [108] , a low-tech , high-end modular
configuration management tool, which allows easy customization for
the site admins and adaptation to almost all kind of computer clusters
around the world.
The security model of the Grid is based on the usage of the X.509 digital
certificates. Every user must own a digital certificate issued and signed by one
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Figure 8: Simplified model of the interacting Grid services
of the Certificate Authority (CA) recognized by LCG and the EUGridPMA.
For a list of such CAs see [98].
2.4.4 Certificate Authorities
The Certificate Authorities (CAs) are the ultimate source of trust. They
are issuing X.509 digital certificates for users (user certificate), for comput-
ers (host certificate) and for various grid services (service certificate). Very
strict rules are governing their everyday practice and they are under repet-
itive qualification and permanent control. The RMKI CA [99] was the first
EUGridPMA recognized CA in Hungary, currently operates as the RA (Re-
gional Authority) of the NIIF CA [100] which overtook the coordination of
this activity. One can find more about CAs and certificates in general in
[101].
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2.4.5 Virtual Organizations
The access to the computational and storage resources has to be coordinated,
appropriate authorization and authentication services have to be put in place
in order to ensure the fair usage of the infrastructure. A Virtual Organization
(VO) is a collection of members (humans), computational and storage devices
(hardware) and a set of regulations (policy) defining the interaction of VO
members with each other and with that of the other users of the Grid. A
Grid user must register in a VO with his/her digital certificate in order to
access Grid resources, since there is no support for so-called out-of-VO users.
The sites can decide which VO to support, i.e. the members of which VO
are allowed to use the compute and storage nodes of the site. Inside a VO
various subactivities are controlled with VOMS certificate based fine-grained
authentication and authorization mechanisms. Usually a VO members are
working on the same project aiming towards the same goal, but there are
also some general purpose VO, as well.
Example of such VOs are the CMS experiment (CMS VO), the ALICE
experiment(ALICE VO), the Grid Deployment Team (Dteam VO), the Virgo
experiment (VIRGO VO), the HunGrid general purpose VO.
2.4.6 The HunGrid Virtual Organization
The Hungrid Virtual Organization has been set up in order to provide ac-
cess to the EGEE Grid resources for the hungarian academic institutions.
It is a general purpose scientific VO accessible for university students, pro-
fessors and scientist from various research institutes. The HunGrid VO is
supported by the computer center of RMKI, KKKI, ELTE, BME, SZTAKI
and BMF-ROIK. Various computations including detector simulation, gen-
eral relativity calculations, high energy physics data processing, statistical
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physics simulations and also educational demonstrations has been performed
using this infrastructure.
2.4.7 Current state of the Grid
As of 2008 jun, the Grid contains cca. 283 sites, there are 50.000 concurrently
running job in any moment, there are 70.000 computer in the system and
approximately 25 PetaByte of tape and disk storage space. There are 126
Virtual Organization registered and 12.000 Grid user. The EGEE Grid
became the largest production Grid of the world which operates as a 24/7
service.
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3 Two-photon interactions
3.1 Introductions
Due to the linearity of the Maxwell-equations the quanta of light i.e. the
photons do not interact but traversing each other following the superposition
principle, in the framework of the classical electrodynamics. The situation is











Figure 9: Elastic (a) and inelastic (b) two-photon scattering in QED.
The photons fluctuate into fermion pairs and these pairs could interact
with other photons, thus the two-photon scattering can be realized. (Figure
9.) While the cross section of this process is extremely small at low energies
(for example in the optical region), the radiation field of high energy electron
beams contains energetic (virtual) photons, the bulk of which is radiated
almost parallel to the beam-line, thus electron beams can be regarded as an
effective source of photon beams making possible the experimental realization
of two-photon collisions in e+e− storage rings. An important feature of this
realization of two-photon collisions is the following. The invariant mass of
the e+e− system is unambiguously determined by the beam energy, while the
invariant mass of the two-photon system is continuous.
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Figure 10: Production of final state X by e+e− annihilation (a) and two-
photon collision (b).
3.1.1 Kinematics
The kinematics of the two-photon scattering is completely determined by the
4-momentum vectors of the incoming and outgoing electrons. (See figure 11.)
5 independent variable is necessary to describe the two=photon system in
case of unpolarized electron beam if it’s energy is known. A possible choice





scattering angles respect to the direction of the beam (θ1, θ2) and the angle
between the scattering planes of the two electron (Φ). The mass squared of
the space-like photons:











≈ −2EiE ′i(1 − cos(θi)) (4)
The Q2i = −q2i quantity - which is always positive - is called the virtu-
ality of the photon. The determination of the two-photon invariant mass is
possible through the detection of both of the scattered electrons or through
the observation of all the final state particles of the two-photon interaction.
In general (like in the case of inclusive measurements) neither is possible and
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quantity, where one has to sum up all the particles seen in the detector. The
real values of the two-photon invariant mass can be estimated with the help
of Monte Carlo programs using some unfolding procedure. If the final state
consist two particles, the Lorentz-invariant Mandelstam variables are defined
as follows:
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The complete description of the two-photon system is possible only if both of
the scattered electron are detected. Typically this is not the case. The min-
imal angle required for the detection is around 20 mrad at LEP. Depending
on how many scattered electron is required to be observed one can separate
four different configuration:
• The events when both of the two scattered electron is detected, are
called double-tagged events. The ’large’ angle scattering of the electrons
requires energetic and highly virtual photons to be radiated, which
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Figure 11: Kinematics of a typical two-photon scattering.
number of double-tagged events is only 0.02 % of the number of all the
two-photon collisions at L3.
• The single-tagged events are those when only one scattered electron is
required. In this case it is possible to calculate the virtuality of only
one of the photons and that of the second one has to be determined
using Monte Carlo simulations. At high energies this configuration can
be regarded as deep inelastic electron-photon scattering.
• When both of the photons remain ’invisible’ i.e. undetected we speak
about anti-tagged events. In the determination of the small virtualities
of the photons one has to rely on Monte Carlo programs.
• When the detection of the outgoing electrons is not required and in
the same time is not excluded we deal with the untagged configuration.
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Because of the small contribution of high virtuality events, the average
virtuality of the photons is almost equal to that of the anti-tagged
events, but the maximum is always higher which fact could have some
influence in some special cases.
3.1.3 The Equivalent Photon Approximation, EPA
The equivalent photon approximation is a simple method which can be used
to relate the cross section of the e+e− → e+e−X process to that of the
γγ → X one.
A general e+e− → e+e−X reaction can be divided into three part. the
electron-photon vertex, the positron-photon vertex and the two-photon in-
teraction point. While the former two are known, one has to measure the
third - the unknown -one. The energy and the polarization of the radiated
photons are unambiguously determined by the interaction vertex [17]. Since
this formula is pretty complex the generally accepted equivalent photon ap-
proximation formula is used instead.









where z = Wγγ/
√
s the scaled invariant mass of the two-photon system
and Lγγ is called the two-photon luminosity function which depends on the










where ω = Eγ/Ebeam. The spectrum of the photons are given by the approx-

















The case a.) is valid if the photon virtualities are limited by a restriction on
the scattering angle of the electrons. If no such restriction is applied on has
to use the b.) formula.
One can show that the two-photon luminosity function depends only on
the z = Wγγ/
√





















− (1 − z2)(3 + z2) (13)
This formula overestimated the exact two-photon luminosity function by al-
most 10-20 % but reproduce it’s shape quite well. A better description of
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1 − xi ; (θi,min = 0)
Q2i,min = (1 − xi)E2θ2i,min; (θi,min = 0), (14)
which takes into account the contribution of the scalar photons and that of
the NLLO part. We use this formula in our calculations.
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3.2 Monte Carlo Generators
3.2.1 PYTHIA
PYTHIA and JETSET [85] are programs for the generation of high-energy
physics events, i.e. for the description of collisions at high energies between
elementary particle such as e+, e−, p and p̄ in various combinations. Together
the contain theory and models for a number of physics aspects, including
hard and soft interactions, parton distribution, initial and final state parton
showers, multiple interactions, fragmentation, decay and the full range of
γγ → hadrons interactions. They are mainly based on original research, but
also borrow many formulae and other knowledge from the literature.
An important feature of the program is that, the two-photon luminosity
function is not (yet) implemented, thus one has to generate the incoming
photons and the scattered electrons externally. Only recently, virtual photons
have been added to the description, including the non trivial transition region
between real photons and Deeply Inelastic Scattering (DIS).
Both PYTHIA and PHOJET uses the same JETSET program for the
simulation of fragmentation and decay of short-lived particles.
The photon wave function The models ([86],[87],[88]) - as most of the
others - describes the physical photon as a superposition of different states


















where the first term describes the bare, point-like photon, the fluctuations
into quark-antiquark pairs is described by the second (low-pT , non-perturbative
region as the superposition of vector mesons according to VMD) and the third
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(high-pT , perturbative region, GVMD (anomalous)) terms. Since the |l+l− >
state of the photon (last term) can only interact strongly with partons inside
the hadrons at higher orders, it’s contribution can be neglected in the study
of hadronic final states. The separation of the second and third term is real-
ized by a transverse momentum scale which is in the order of k0 ≈ mΦ/2 ≈
0.5 GeV. The spectrum of GVMD states is taken to extend over a range
k0 < kT < k1, where k1 is defined with the pTmin(s) ≈ 1.5 GeV cut off of
the perturbative jet spectrum in hadronic interactions. Above that range,
the states are assumed to be sufficiently weakly interacting, so that cross
sections can be calculated perturbatively without any recourse to pomeron
phenomenology.
In general, the coefficients depend on the scale μ user to probe the photon,
typically the momentum transfer in the parton level scattering process.
The VMD factor (e/fV )
2 = 4παem/f
2
V gives the probability for the tran-
sition γ → V and can be obtained from the partial width of the V → e+e−
decay. The coefficient f 2V /4π are determined from data to be (with a non-
negligible amount of uncertainty) 2.20 for ρ0, 23.6 for ω, 18.4 for φ and 11.5
for j/Ψ. Together, these numbers imply that the photon can be found in a
VMD state only about 0.4% of the time, dominated by the ρ0 contribution.
For a lepton l with massml the coefficient is e/fll ≈ (αem/2π)(2/3)ln(μ2/m2l )
and for the perturbative γ → qq̄ fluctuations e/fqq̄ ≈ (αem/2π)2e2qln(μ2/k20)
with eq being the charge of the quark q. For a more exhaustive description
see [89].
Event classification scheme In PYTHIA’s γγ physics this superposition
applies separately for each of the two incoming photons. In total there are
3x3 = 9 combinations. However, trivial symmetry reduces this to only six
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distinct classes:
• The direct x direct events, which correspond to the subprocess γγ →
qq̄. The typical event structure is two high-pT jets and no beam rem-
nants.
• The VMD x VMD events. Both photons fluctuate into vector mesons
leading to the same processes which occur in hadron-hadron collisions.
• The GVMD x GVMD events, wherein each photon fluctuate into a
qq̄ pair of larger virtuality than in the simple VMD case. The anoma-
lous classification assumes that one parton of each pair gives a beam
remnant, whereas the other participates in a high-pT scattering.
• The direct x VMD events, when the bare photon interact with a
parton of a VMD photon.
• The direct x GVMD events, when the bare photon interact with
a parton of an anomalous photon. The typical structure is then two
high-pT jets and a beam remnant.
• Finally the VMD x GVMD events. One photon fluctuates into high
virtuality qq̄ pair, and one of the parton interact with the VMD photon.
The different event classes can be regarded separately or in mixture cor-
responding to the best description of the data.
Virtual photons If the photon is virtual it has reduced probability to
fluctuate into a vector meson state and this state has reduced interaction
probability. This can be modelled by the traditional dipole factor m2V /(m
2
V +
Q2)2 for a photon of virtuality Q2, where mV ≈ 2kT for a GVMD state.
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Putting these approximations all together, the cross section of the GVMD
















The PHOJET Monte Carlo event generator [90] can be used to simulate
hadronic multiparticle production at high energies for hadron-hadron, photon-
hadron and photon-photon interactions (hadron = n, p, p̄, π). The generator
include photon flux simulation for photon-hadron and photon-photon pro-
cesses in lepton-lepton, lepton-hadron and heavy ion-heavy ion collisions. In
addition, various photon flux spectra of relevance to planned linear colliders
are implemented (bremsstrahlung, beamstrahlung, laser-backscattering).
The ideas and methods used in the program are based mainly on the
Dual Parton Model (DPM) [91]. In order to combine the DPM on soft
processes with the predictive power of perturbative QCD, the event generator
is formulated as a two-component model (soft and hard component).
The photon wave function To take into account the dual nature of the




Z3|γbare > +|γhad > (17)
with Z3 being the renormalization constant. In the model the hadronic part
of the photon is treated as a superposition of low-mass vector meson states




|qq̄ > + e
fqq̄∗
|qq̄∗ >, (18)
44 3 TWO-PHOTON INTERACTIONS
where e and e/fqq̄ denote the elementary charge and the VMD couplings.
The photon-photon interactions are treated exactly in the same way as the
hadron-hadron ones by substituting one of the hadron by a photon.
Event classification scheme In the model direct and resolved photon
interactions are distinguished.
• Direct photon interactions i.e. the photon participates directly in
the scattering process. Within the Parton Model at lowest order of
perturbative QCD only the photon-gluon fusion and gluon Compton
scattering contribute.
• Resolved photon interactions, when the photon fluctuates into qq̄
pair which interacts hadronically. This contribution is split into hard
interaction and the remaining soft interactions. Since the full parton
distribution of the photon is used, not only the VMD part but also
the anomalous part of the photon structure function enters into the
resolved cross section.
Interaction of weakly virtual photons The influence of weak photon
virtuality P 2 on the total cross section is estimated - in a similar manner
than that in PYTHIA - using arguments of GVMD. The experimental cross
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1 + P 2/(4m2V )




1 + P 2/m2eff
, F (0) = 1. (20)
The influence of high-mass vector mesons and continuum contributions
is taken into account by the last term of the sum. The suppression of the
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parton content of the photon due to its virtuality P 2 is approximated by the
parameterizations:
fγqi(x,Q











The KORALZ event generator [80] is the product of the theoretical physics
research group of the Institute of Nuclear Studies and University of Warsaw.
This generator helps the study/exploration of the properties of the fermions
(f = μ, τ, u, d, c, s, b, ν) produced by an e+e− annihilation. The initial and
final state soft photon radiation is taken into account through the so called
YFS exclusive exponentialization.
3.2.4 DIAG36
The DIAG36 event generator ([81],[82],[83]) is the most complete Monte
Carlo program which simulate two-photon lepton pair production. It takes
into account the first 36 lowest order Feynman-diagram.
Using this generator yields the possibility of generating different processes
according to their very precise cross section. The events are generated by the
4 sub-generators and interference effects are included by assigning weights
to the different diagrams. The most complicated channel is the e+e− →
e+e−γγ → e+e−e+e− reaction when it is necessary to include all the 36
diagrams which leads 657 peak in the 7 dimensional phase-space. However,
only 12 diagram is enough for the satisfactory generation of the e+e− →
e+e−γγ → e+e−μ+μ− and e+e− → e+e−γγ → e+e−τ+τ− events. Radiative
corrections are not included in the program, which does not harm us at
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all since the contribution of radiative corrections - in the case of untagged
two-photon events - is well below 1%.
3.2.5 EGPC
The EGPC program [84] is used within the L3 Collaboration to study two-
photon processes. The original aim of the program was to help the study of
resonance formation in two-photon collisions. It generates resonances which
decay according to given channels uniformly in phase space. The later ver-
sions of the program make it possible to generate continuum processes like
γγ → ρ0ρ0, with a given, constant cross section, thus this kind of events are
generated according to the two-photon luminosity function. The program
is used to calculate selection efficiency for various processes. By weighting
the original distributions it is possible to generate events according to some
specific, new theories. An other advantage of EGPC is the fast event gener-
ation, thus high statistic event sample can easily be obtained. The bulk of
our study based on the usage of this Monte Carlo program.
4 Lepton-pair production
4.1 Introduction
The full cross-section can be exactly calculated up to the O(α4) in QED. The
lowest-order Feynman-diagrams describing this process are plotted on figure
12.
The most important process is the one described by diagram a.) since
the contribution of the others are suppressed by the photon propagator down




Figure 12: Lowest-order Feynman diagrams describing the QED two-photon
lepton pair production. a.) Multipheripheral, b.) Conversion, c.) Annihila-
tion d.) Bremsstrahlung






= LTTσTT + LTLσTL + LLTσLT +
LLLσLL + L′TT τTT cos(2Φ) + L
′
TLτTLcos(Φ) (22)
The equation is expanded according to the helicity of the photons. T stands
for the transversal, L for the longitudinal component, while Φ is the angle be-
tween the scattering planes of the electrons and the items containing τi,j are
included in order to take into account the interference effects. Further sim-
plification could be achieved by integrating out the Φ variable and summing
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up only for the quasi-real photons:
dσ(e+e− → e+e−X) = LTTσTT + LTLσTL (23)
Certain kinematical configurations - like untagged two-photon scattering -
allow an even more simplified description. Neglecting the longitudinal com-
ponent the differential cross section can be written as the product of the two
transverse photon luminosity function (LTT ) and the differential cross section
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× (ω(K2 − ω) − (ω − 2UK)2
− 2UK2(Q21 +Q22) + (2ω −K2)Q21Q22),(25)
where the variables are defined as:







K = z2 +Q21 +Q
2
2
ξ2 = K2 − 4Q21 +Q22
β∗ =
√









xi is the scaled photon energy, Q
2
i is the scaled squared photon mass, z iss the
scaled mass of the system X. In the center-of-mass system of the two-photon
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1 − β∗2cos2(θ∗) (27)
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4.2 Muon-pair production
4.2.1 The data and Monte Carlo samples
We analyzed the untagged two-photon events collected in the 1996-2000 time
period. The center of mass energy of the e+e− system varied from 161 GeV
up to 208 GeV , the observed integrated luminosity was around ≈ 700 pb−1.
The calibration runs of each year with
√
se+e− ≈ 45 GeV were excluded from
our data sample.
The working of the detector is not perfect. It happens that one or more
subdetectors 21 break down or just not working properly. If this is an impor-
tant subdetector from our analysis point of view, then the events collected in
that period should not be taken into account since with the fake information
they could bias our results.
The measurements are divided to periods, which contain a few thousand
events. These periods are the so called runs. Together with the detected
events the working properties of the different subdetectors are recorded. Us-
ing these information we can easily exclude runs with improperly working
subdetectors. Its necessary to find a balance between the event loss due to
exclusion of runs and the signal distortion due to fake information of bad
subdetectors.
In our analysis we required the luminosity monitor, the scintillators, the
inner TEC, the outer TEC, the muon chambers, the second and third level
trigger and the DAQ to work properly. The method which excludes the runs
with improperly working subdetectors is the so called badrun subtraction.
Using the DIAG36 simulator we generated approximately 10 times as
many events as we had in the data after the badrun subtraction, at each
21Under the expression ’subdetectors’ now we include the trigger and data acquisition
systems, as well.
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center of mass energy. Table 1 lists the observed integrated luminosities
before and after the badrun subtraction for the period 1996-2000.
4.2.2 Event selection
The selection of e+e− → e+e−μ+μ−(γ) events was done in two phases.
The preselection The preselection is needed in order to reduce the huge
amount of information to a smaller data set which more or less contains
only the information we would like to work with. The cuts are used in the
preselection are wider than those of the final selection in order to allow the
fine tuning of the selection parameters in a later phase of the analysis. In
our case the the cuts are almost the same in the two stage, this is due to
the high statistics of the data and because of previous studies, still I feel it
important to separate them. In the preselection phase we collected events
satisfying all of the following conditions:
• tracks with angles respect to the beam line greater than ≈ 36o, (|abs(cos(θ))| <
0.8),
• the momentum of the track is greater than 2 GeV/c (pi ≥ 2.0 GeV/c),
• the track has left signal at least in one Z-type and two P-type muon
chambers (NPchamb ≥ 2, NZchamb ≥ 1),
• the track is measured at least 12 points in the TEC (Nhits ≥ 12),
• good quality momentum fit (χ2/d.o.f. < 40),
• the net charge of observed particles is zero (∑iQi = 0).
Events satisfying the selection criterias are mainly e+e− → e+e−μ+μ−(γ)
events.
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The final selection The following cuts were applied during the final se-
lection:
• the two-photon invariant mass should be between 3 and 40 GeV/c2
(3.0 GeV/c2 < Wγγ < 40 GeV/c
2),
• the closest distance of the projection of the tracks to the x-y plane to
the interaction point should be less than 2 mm (DCA < 2 mm),
• number of accepted track is 2 (Ntracks = 2),
• the momentum of the tracks greater than 2.5 GeV/c and less than 40
GeV/c (2.5 GeV/x < pi < 40 GeV/c).
Selection efficiencies There exists no selection method which selects the
interesting event with 100% probability. In order to estimate the efficiency
of our selection procedure we can make use of Monte Carlo programs. The
procedure is the following: We apply the very same selection cuts to a Monte
Carlo generated event sample and count the events passed through the se-
lection. The ratio εsel = Naccepted/Ngenerated is called the selection efficiency.
Then, we can use this number to correct our measured number of events.
Of course, this number depends on the Monte Carlo program used, and this
correction is always pushes the distributions closer to that theoretical distri-
butions which are implemented in the Monte Carlo generator in question.
We used the DIAG36 MC and the obtained selection efficiencies are listed
in Table 2.
4.2.3 Background
Of course, our selected data sample contains not only pure e+e− → e+e−μ+μ−(γ)
events, but also many other type of events which passed through the selection
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procedure. These are the so called background events. The precise knowledge
of these background processes are of utmost importance, since if their contri-
bution is unknown they can bias not only the measured cross section but also
distort the distributions of different physical quantities. For the estimation
of the amount of background events in our sample we generate background
events using Monte Carlo generators and apply the selection cuts to to these
events. From the remaining event number - normalized to the luminosity
of the data - we can estimate the amount of background events in our data
sample.
We distinguished two types of background events: a.) events originating
from e+e− collisions and b.) fake events caused by cosmic muons passing
through the detector.
The e+e− → X type background events We took into account the
contribution of the following processes:
• e+e− → e+e−τ+τ−, the two-photon τ -pair production. This process
gives the largest background contribution,
• e+e− → Z0/γ → τ+τ−, the τ -pairs produced in e+e− annihilation,
• e+e− → Z0/γ → μ+μ−, the μ-pairs produced in e+e− annihilation.
Since in these events the momentum of the outgoing muons are in the
order of the half of the e+e− center of mass energy the only situation
when they can give a background contribution is when the momentum
of the tracks were erroneously measured. This is a very rare situation,
but sometimes it happens.
• e+e− → Z0Z0 → leptons,
• e+e− →W+W− → leptons
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In Table 3 the cross section, the selection efficiency and the expected number
of background events are listed.
Summing up the contribution of all the different channels, the total num-
ber of background events does not exceed the 0.5 %, so can completely be
neglected.
The contribution of the cosmic muons The other and more important
source of background events are the cosmic muons passing through the de-
tector. The majority of these events can be excluded applying strict cuts
on DCA and scintillator timing information. It is very useful to plot the
timing information of the two muons seen in the detector as a function of
each other. On these two-dimensional plots the points around the origo
(t1 ≈ 0; t2 ≈ 0) are the e+e− → e+e−μ+μ− events , while points around the
line t1 ≈ t2+5 ns are the cosmic muon events since the time differences of the
signals of the scintillators are more or less constant. These distributions can
be seen on Figure 13, before and after the selection procedure. It’s obviously
seen the after the selection procedure we still have some remaining cosmic
muon events, a fact which made it necessary to apply an additional selection
criteria, namely: √
t2μ1 − t2μ2 < 5 ns (28)
With other words, the time difference between the two muon hitting the
scintillators should not be greater than 5 ns. As a cross check we can have a
look at the azimuthal distribution of the muons. If the cosmic contribution
is significant the distributions peak at φ ≈ 90o and at φ ≈ 270o (see Figure
14).
After all of these, the contribution of the cosmic muons can be estimated
as follows. We project the two-dimensional plot to the x and y axis and take
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the average of this two histogram. The t < −5 ns and the t > 5 ns range of
the resulted histogram can be approximated very good by a simple constant
line. Using this line we can estimate the number of cosmic events under the
peak, i.e. in our data sample.
As seen the overall amount of all the background contribution is less than
1 %.
Figure 13: The two-dimensional scintillator timing distribution of the muons
a.) before and b.) after the selection cuts. The point around the straight line
on figure a) are the cosmic muons passing through the detector and identified
as two separate particles. The time shown on the axises is the difference of
the time of the scintillator hit and the nominal collision time corrected with
time-of-flight.
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Figure 14: The azimuthal distribution of the muons before a.) and after
.b) the cosmic muon background elimination cuts. The azimuthal angle is
defined as the following. Looking into the z direction the azimuthal angle is
anti-clockwise and the 0 angle points horizontaly towards the middle of the
LEP ring.
4.2.4 The trigger efficiency
During the calculation of the observed number of events one has to take into
account and correct with the event loss due to the imperfect trigger system.
The Level-1 trigger The events we are examining were selected by the
inner TEC, outer TEC and by the muon trigger. Our task is now to determine
the probability that an e+e− → e+e−μ+μ− was not triggered by any of these
three triggers, thus remained invisible. We have several choice to do so.
The first possibility would be to use Monte Carlo simulations and the
detector simulation to calculate this number. Due to the imperfect simulation
of the detector we decided not to use this method.
According to an other method, if we regard the three triggers to be inde-
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pendent (which is only approximately valid), then the trigger efficiency can
be calculated from the efficiency of the three triggers respect to each other,
using the following formulae:
εtrigg = 1 − (1 − εμ−iTEC) × (1 − εμ−oTEC), (29)
where εtrigg is the total trigger efficiency, εμ−iTEC is the efficiency of the muon
trigger respect to the inner TEC, while εμ−oTEC is the efficiency of the muon
trigger respect to the outer TEC. The total trigger efficiency was determined
as the function of the two-photon invariant mass, Wγγ . The two-dimensional
trigger efficiency correction was not worth to perform due to the limited event
statistics. The numbers are listed in table 4.
The third method to determine the trigger efficiency was the following.
The events can be divided into 8 groups according to which trigger accepted
an event. The event numbers of 7 groups out of these 8 are known. The 8th
group contains the events when none of the triggers said ’yes’. We would
like to know how many events is in this group. If we assume that the event
number distribution follows some probability function, for example Poisson,
then we can fit the parameters to the 7 known groups and determine the
event number 8th group using the fitted parameters.
The Level-2 and Level-3 triggers The efficiency of the Level-2 and
Level-3 trigger can be determined using prescaled events. If these triggers
reject an event they increase the value of a special counter by one. If this
value reaches 20 (or 100) then the next event which would be rejected will
be accepted and marked. Observing these special marked events we can
calculate the number of rejected events, thus the efficiency of these triggers.
Our experience showed that the 100% of the e+e− → e+e−μ+μ− was
accepted by the Level-2 and level-3 triggers.
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4.2.5 The systematic uncertainties
There is no widely accepted and applied method for the estimation of sys-
tematics errors originating from the cuts applied. The usual method is to
vary - some of - the cuts within a ’reasonable’ range and measure the change
in the final result. The deviation of the result from the initial one due to this
cut variation is then regarded as the systematic error of the result. Some
related question immediatley arise:
• Which cuts and in which range sholud be varied? The answer ’reason-
able’ is far from acceptable.
• How the error of the results should be defined in the range? There
exist a lot of strongly heuristic attempt to answer these questions, but
none of them can be regarded as the ’right’ one.
The basic ide of the pseudo-χ2 method is the following: Let’s suppose we
fixed the bounds of the cut variation. (Itt will be defined later.) Let vary
the cut (now we work in one dimension, i.e. varing only one cut, but the
generalisation to higher dimensions is straightforward) within it’s boundaries
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equation. The solution can be performed numericaly by looking for the
minima of this expression as a function of s. The s which gives the minima
is regarded as the systematic error.
The boundaries of the cut variation are drawn when the event loss exceeds
the 10 %, or when the signal to background ratio changes by more than 10
%.
We used this method to estimate the systematic uncertainties in the anal-
yses presented in this thesis and will not describe again in each section. How-
ever, it is important to note that while in the lepton pair production - due to
the high statistics - the systematic uncertainties due to selection criterias are
small, in the vector meson production channels the theoretical uncertainties
are dominating, which cannot of course be estimated with this method.
4.2.6 The e+e− → e+e−μ+μ− cross section
The cross section has been measured in the limited phase space specified in
the previous section and then extrapolated to the full one later on. The cross
section has been calculated as the following:
σ(e+e− → e+e−μ+μ−(γ)) = Nobserved −Nbackground
εtriggerεselectionL , (33)
where Nobserved is the number of selected data events, Nbakground is the esti-
mated number of events coming from background processes, L is the badrun
subtracted luminosity, εtrigger is the trigger efficiency and εselection is the se-
lection efficiency. The results are shown on figure 16. The continuous curve
is the QED prediction while the dots with the error bars are representing the
measured data. A good agreement between the measurement and the slow
rise of the theoretical cross section as a function of
√
se+e− is observed. The
exact numbers are listed in Table 5. The uncertainties (systematic errors)
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caused by the ’arbitrary’ choosed selection criterias are estimated using the
pseudo-χ2 method. For a description on this method consult Appendix A.
As an example, a comparison of various distributions of the final state
system to Monte Carlo predictions is demonstrated on Figure 17.
4.2.7 The γγ → μ+μ− cross section
Making use of the two-photon luminosity function [20], (for further explana-
tion see Section 3.1.3) one can easily calculate the γγ → μ+μ− cross section.
σ(e+e− → e+e−μ+μ−) =
∫
σ(γγ → μ+μ−)dLγγ(W 2γγ, q21, q22) (34)
The cross section has been calculated as a function of the two-photon in-
variant mass. In a given two-photon invariant mass bin (interval) the cross
section has been approximated as being constant. The two-photon luminos-
ity function has been numerically integrated over the mass bin. One has to




where Ngenerated(|cos(Θ)|) is the number of events in a given angular region
in the e+e− centre-of-mass system, while Ngenerated(|cos(Θ∗)|) is the number
of events in the same angular region but in the two-photon centre-of-mass
system. The measured γγ → μ+μ− cross sections at different e+e− center-
of-mass energies are shown on Figure 18 while the exact numbers are listed
in Table 6.
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Transverse Imbalance : Longitudinal Imbalance : 
Thrust : Major : Minor : 
Event DAQ Time :
 .3240  .2386
 .9824  .1283  .0213



























Run #    818405    Event #  4806
Transverse Imbalance : Longitudinal Imbalance : 
Thrust : Major : Minor : 
Event DAQ Time :
  Total Energy :    8.52 GeV
 .7593  .3352
 .9463  .1902  .0113









Figure 15: A typical cosmic muon event a.) and a real γγ → μ+μ− event
b.).
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Figure 16: The cross section of the e+e− → e+e−μ+μ−(γ) process in the
3 GeV < Wγγ < 40 GeV , |cos(Θμ1,2)| < 0.8 phase space as a function of the
e+e− center of mass energy. The errors shown include both statistical and
systematical uncertainties.
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Figure 17: Various distributions of the measured (dots) two-photon system
compared to the Monte Carlo prediction (open histogram) and the two main
sources of predicted non-cosmic background events (shaded histograms). The
invariant mass (a.)) the impulse (b.)) the longitudinal energy (c.)) and
the transverse momentum (d.)) of the two-photon system. A very precise
agreement is seen with the MC simulations.
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Figure 18: The cross section of the γγ → μ+μ− process in the 3 GeV <
Wγγ < 40 GeV , |cos(Θμ1,2)| < 0.8 phase space as a function of the two-
photon invariant mass Wγγ center of mass energy. The errors shown include
both statistical and systematical uncertainties.
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4.3 Electron-pair production
The analysis of the two-photon electron pair production is very similar to
that of the muon pair production, thus in this section we emphasize only the
important differences.
4.3.1 The data and Monte Carlo sample
The analyzed data sample is exactly the same as for muon pair-production, so
the luminosities and the badrun contributions are identical with the previous
analysis.
4.3.2 Event selection
The selection of the e+e− → e+e−e+e−(γ) events has been done in two step.
The preselection
• in order to exclude the calibration runs we required the beam energy
to be greater than 50 GeV (Ebeam > 50),
• the e+e− annihilation events were excluded with a cut on the total
energy deposit in the electromagnetic calorimeter (EBGO < 100 GeV ),
• we allowed the presence of no μ particles (Nμ = 0),
• and no clustered energy deposit in the hadronic calorimeter (Nhca = 0),
• the number of isolated clusters in the electromagnetic calorimeter with
no associated track should be less than 2 (Nphot < 2),
• the number of charged particle tracks should be exactly 2 (Ntracks = 2),
• with a net charge of 0 (Σq1,2 = 0)
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• and the momentum of the tracks greater than 0.8 GeV/c and less than
40 GeV/c (0.8 GeV/c < Pei < 40 GeV/c),
• their closest distance on the x-y plane to the primary interaction point
should be less than 3 mm (DCA < 3 mm),
• the angle between the tracks and the beam line should be greater then
≈ 36o (|cos(Θe1, 2)| < 0.8),
• and the two-photon invariant mass should be greater than 1.5 GeV
(Wγγ > 1.5 GeV )
The final selection While the preselection is to reduce the amount of data
to be handled, in the final selection stage we fine tune the applied cuts. This
fine tuning partially driven by the knowledge and imperfection of the detector
and that of the used Monte Carlo program. The following modifications were
applied in addition to that of the preselection cuts:
• The two-photon invariant mass should be greater than 2 GeV (Wγγ >
2 GeV )
• The momentum of the tracks greater than 1 GeV/c and less than 40
GeV/c (1 GeV/c < Pei < 40 GeV/c),
• The number of isolated clusters in the electromagnetic calorimeter with
no associated track should be less than 2 (Nphot < 2),
Selection efficiencies Using the same method and simulation program
(DIAG36) as for the muons the resulted selection efficiencies are listed in
Table 8.
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4.3.3 Background processes
The following background processes has been taken into account:
• e+e− → Z0Z0 →leptons
• e+e− →W+W− →leptons
• e+e− → Z0/γ → e+e−
• e+e− → e+e−τ+τ−
Given the high cross section and relatively big selection efficiency of the
e+e− → e+e−e+e− process, the contribution of these background events is
found to be negligible.
4.3.4 Trigger efficiencies
The same method - described in the previous section - has been used to
estimate the trigger efficiency for this channel. The obtained numbers are
listed in Table 7. Again, we have found no event rejected on the 2nd or 3rd
trigger level.
4.3.5 The e+e− → e+e−e+e− cross section
The calculation of the cross section of the e+e− → e+e−e+e−(γ) process
has been performed in the same way as for μ+μ− production. The resulted
cross sections are listed in Table 9 and shown in Figure 19 together with the
prediction of QED (Table 8).
4.3.6 The γγ → e+e− cross section
The γγ → e+e− cross section has been calculated in the same way as in the
case of the γγ → μ+μ− process and is plotted on Figure 20. The simple EPA
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Figure 19: The cross section of the e+e− → e+e−e+e−(γ) process in the
2 GeV < Wγγ < 40 GeV , |cos(Θμ1,2)| < 0.8 phase space as a function of the
e+e− center of mass energy. The errors shown include both statistical and
systematical uncertainties, as well.
approximation has been used. For sake of interest we show on Figure 21 the
differences between the various two-photon luminosity function approxima-
tions. For the definition of the two-photon luminosity function see Section
3.1.3, while the various implementations can be found in [22].
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Figure 20: The visible cross section of γγ → e+e− process at 198 and 206
GeV/c2 e+e− center-of-mass energy.
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Figure 21: The comparison of the various two-photon luminosity function
approximations. For the calculation of the γγ → e+e− cross section the EPA
approximation has been used.
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4.4 Tau-pair production
The author of this thesis has less contribution to the tau-pair analysis than to
that of the two previous channels. Mainly through trigger efficiency studies,
particle identification solutions. and background contribution estimation.
However for the sake of completeness a brief summary of the results is given
in this section.
4.4.1 Event selection
The selection of τ -pairs, through the associated decays τ− → e−ντ ν̄e and
τ+ → π+π0ν̄τ , is based on information from the TEC and the electromagnetic
calorimeter (ECAL). It requires:
• a total energy deposit in the calorimeters less than 40 GeV , to exclude
e+e− → τ+τ− events;
• exactly two charged tracks with at least 12 hits each and opposite
charges, having a transverse momentum greater than 0.3 GeV, a dis-
tance of closest approach to the nominal interaction vertex in the plane
transverse to the beam direction smaller than 10 mm and a correspond-
ing ECAL signal;
• two photons from the π0, defined as isolated showers in the ECAL with
energy deposit greater than 100 MeV distributed over at least two
crystals. There must be no track within 150 mrad around the showers
direction and the ratio between the energies deposited in the hadronic
and electromagnetic calorimeters must be less than 0.2.
The electron identification for the reaction τ− → e−ντ ν̄e is based on an
ECAL cluster, with a shower shape consistent with that of an electromag-
netic particle, matching with a charged track within 100 mrad in the plane
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transverse to the beam direction. Further selection has been done by a spe-
cially trained neural network [92] which combines ten variables: the energy
in ECAL, the momentum, the ionization energy loss in the TEC, the ratio
of the transverse energy in ECAL to the transverse momentum in TEC, the
number of crystals in the shower, three inputs describing the shower shape in
ECAL, the corresponding energy in the hadronic calorimeter and its fraction
within 7o cone. The electron identification with the neural network has an
efficiency of 87.7 ± 0.2% with a purity of 94.7 ± 0.2%, as determined from
Monte Carlo events.
To identify the τ+ → π+π0ν̄τ decays, we require the two photons to be
compatible with a π0. The remaining charged particle is considered to be
the π+ candidate. No additional selection cut is applied on the π+.
4.4.2 Results
The total τ -pair production cross section is given in Table 11. The cross
section is lower than the e+e− → μ+μ− cross section because of the τ -pair
mass threshold of 3.6 GeV. The main contribution to systematic uncertainties
comes from the variations of the cuts on |Σpt| and the electron momentum,
both between 4% and 5%. The total systematic uncertainty due to selection
criteria is estimated to be between 7% and 9%. Other sources of systematic
uncertainties are the determination of the trigger efficiency, the Monte Carlo
statistics and the uncertainty on the background level; their contribution is
below 3%. Figure 22 compares the measured cross section and the O(α4)
QED calculation. A good agreement is found.
Various distributions of final state properties are shown on Figure 23, and
compared to Monte Carlo predictions.
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Figure 22: The cross section of the e+e− → τ+τ− process for Wγγ > 2mτ .
The data are compared to the QED calculations of DIAG36.
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Figure 23: Distributions for τ → ππν candidates of a) the effective mass
of final state photons, mγγ , b) the sum of the transverse momenta of the
charged particles, |Σpt|, and c) the effective mass of the two pions, mππ0 . d)
Distribution of the energy of the electron for τ → eνν candidates. The data
are compared to the sum of Vermaseren Monte Carlo e+e− → e+e−τ+τ−
and of the background, normalized to the integrated luminosity. Arrows in
a) and b) indicate the position of the cuts on the plotted variable, when all
other selection cuts are fulfilled.
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4.5 Summary
We studied the two-photon production of lepton pairs using the L3 detector
at LEP. The following cross sections have been measured for the first time at
such high e+e− center-of-mass energies:
• e+e− → e+e−e+e−
• γγ → e+e−
• e+e− → e+e−μ+μ−
• γγ → μ+μ−
• e+e− → e+e−τ+τ−
The measurements have been performed in different phase spaces due to
efficiency and kinematical reasons. All the measured cross section have been
extrapolated to the full solid angle. All the measured cross section found to be
in very good agreement with the O(α4) QED predictions. This measurement
is of utmost importance in understanding the low-energy behavior of the
detector and is also essential for the studies of other two-photon processes,
especially the ones which involve final state leptonic particles or possibly have
significant leptonic background contribution. During this studies we used
conventional selection methods based on so called cuts. Becuse of the high
statistics of these channels this was perfectly usable, while it also showed us,
that in case of low statistics, low-energy two-photon processes other selection
methods must be used. The analization of these channels greatly helped us
develoing the neural network based selection procedure for other analisis.
These results have been published in Phys. Lett. B 585, Issues 1-2, 8 April
2004.
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5 Theory of vector meson production
In this section we collected the relevant theories dealing with two-photon
vector meson production. A very good overview about two-photon physics
in general is also available [25], and there is 58 article from OPAL[26], 26
from the ALEPH[27] and 30 from DELPHI Collaboration published[28] in
case one would like to consult with recent experimental results.
5.1 Exclusive ρ0ρ0 production
5.1.1 Previous measurements and interpretations
The large cross section - larger by an order of magnitude than the VMD
prediction - for the two photon reaction γγ → ρ0ρ0 has been observed by
several experiments. [29] - [35] There exist a number of theoretical attempts
to describe these experimental results. However our interest is concentrated
to the high-mass region, for sake of completeness we dedicate some pages
for the presentation of the previous interpretations concerning the low-mass
region, as well.
5.1.2 The non-diffractive (low-mass) region
The first comparison with theoretical predictions was one based on the vector
meson dominance model (VMD) taking into account only pomeron exchange
(Brandelik et al.). The γγ → ρ0ρ0 cross section is related to the elastic
ρ0ρ0 → ρ0ρ0 scattering. [39]
The model of E. Witten explains the observed high cross section as a
manifestation [40] of a point-like photon-gluon coupling [41].
In the t-channel factorization approach [42] the ρ0ρ0 cross section is re-
lated to the photo production and hadronic cross section at low energies. In
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principle it is a modified way to evaluate (asymptotic) VMD cross sections.
These model do not predict a high signal of any new, non-VMD process. The
low-W, low-Q2 data is well described. But there is no reason why we should
supposed asymptotic behavior near the threshold. This model leads to the
interpretation of the broad enhancement in the ρ0ρ0 cross section around 1.6
GeV as a threshold behavior due to Regge exchange[69]. The predicted cross
section for ω0ω0 is much too large ≈ 250 nb comparing to the upper limit of
JADE experiment (Dainton 1983) of ≈ 90nb.
Ayala, Bramon and Cornet (1981) [44] estimated the effect of contact
terms related to the process γγ → ρ0π+π0 on the ρ0ρ0 enhancement. Such
terms arise in the gauge model of the ρππ interaction and can unambiguously
estimated from the experimentally measured value of Γππ(ρ). It is found that
the matrix element of the process γγ → ρ0π+π− has a maximum when the
ρ0 is at rest in the overall centre of mass system and the π+, π− has opposite
momenta. In this configuration when the M4π near to 1.7 GeV/c
2 the dipion
system is kinematically restricted to have a mass around Mρ. The estimated
contribution of the contact term for a mass of 1.7 GeV/c2 is ≈ 40 nb to be
compared with the measured ρ0ρ0 cross section of ≈ 100 nb. The proposed
contact term contribution is too small to explain the bulk of the observed
effect. Also the predicted energy dependence (a slowly increasing function of
W) does not correspond to that of the observed data.
Biswal and Misra (1982) [43] interpreted the ρ0ρ0 enhancement as due
to quark rearrangement effect. They were able to fit the four pion mass
spectrum for M4π > 1.5 GeV/c
2. The predicted angular distribution for
ρ production is however more strongly forward/backward peaked than the
data. The predicted ratio of the ρ0ρ0 and ρ+ρ− production cross section is
not compatible with the JADE upper limit for ρ+ρ− production.
78 5 THEORY OF VECTOR MESON PRODUCTION
Several authors have published resonant interpretation of the ρ0ρ0 en-
hancement. Goldberg and Weiler (1981) [45] proposed a quarkonium isoscalar
resonance with JP = 20, Layssac and Renard (1980)[47], Godbole and Sarma
(1982), and Minami (1982)[46] proposed glue ball resonances with masses (in
GeV/c2) and spin parities 1.6, 0−; 1.5, 0+; 1.9, 2+ respectively. All of these
isoscalar states are ruled out as a possible interpretation by the JADE π+π−
upper limits. The negative parity states are also excluded by the TASSO
angular correlation analysis.
Another resonance interpretation suggest an intermediate ρ0ρ0 resonance
[48] - [49], either a normal qq̄ state or a four-quark qqq̄q̄ bound state. In
four quark model isoscalar and isotensor resonances interfere destructively
to suppress the ρ+ρ− signal and constructively to reproduce well the ρ0ρ0
cross section. These models deal with the ’alive’ versions of the M.I.T bag
model predicted four-quark state ’primitives’ and has successful predictions
for other processes like ω pair production which has a cross section 1/81 times
less than that of ρ pair production. The difficulty to measure the interference
between the various states makes it hard to prove this model. Initially the
model was dropped by the fact that in the low mass region - according to the
spin-parity analysis of TASSO - the 0+ state is the dominant one. Nowadays
new measurements [50] have shown the dominance of the JP = 2+ and
helicity 2 state in the W4π < 3 GeV/c
2 region.
The proposed models differ substantially in the predicted cross section
for pair production of other vector mesons e.g. γγ → ρ0ω,γγ → φφ which
allows one to distinguish between these models.
Spin-parity For the first time spin-parity-helicity analysis for the reac-
tion γγ → π+π−π+π− was carried out by the TASSO Collaboration [31] by
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studying angular correlations in the four pion final state.
A similar study was performed by the ARGUS Collaboration [35]. Both
experiment has found the dominance of the ρ0ρ0 state (Jp, Jz) = (2
+, 2) with
small contribution from the 0+ state. The contribution from negative parity
state has found to be negligible.
A recent study of the L3 collaboration (spin-parity analysis for the low
mass range ,Wγγ < 3 GeV) has confirmed the results of these previous
measurements [50].
5.1.3 The diffractive (high-mass) region
Due to the limited luminosity and energy of particle collider facilities, the
experimental observation of two-photon diffractive vector and tensor meson
production has not yet been performed, so far. Nevertheless there exist
several predictions concerning these processes.
The work of I.F. Ginzburg, D.Yu. Ivanov, V.G. Serbo and S.L. Panfil is
[51, 52, 53, 54, 55] based on the semi-hard approach. Calculations using the
technique of impact representation have been performed for the processes
γγ →MM ′
γγ →MX
γγ → XX ′, (36)
where M and M
′
can be any neutral vector meson (ρ0, ω,Φ,...) - this is
the case of pomeron exchange -, or a neutral pseudoscalar (π0, η, η
′
) and
a tensor meson (a2(1320), f2(1270), f
′
2(1525)) in which situation we speak
about odderon exchange. (In QCD, odderon [56, 57, 58] is consist of three
gluon and has the vacuum quantum numbers but with odd parity. There is
no unambiguous experimental confirmation of odderon exchange, thus any
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observation of tensor meson photoproduction is of great interest.)
An earlier calculation in the same semi-hard region was performed by
V.L. Chernyak and I.R. Zhitnitsky [59, 60]. They predict the dominance of
the point-like photon component which produce ρ0 mesons with longitudinal
polarization. The cross-section of this component decreases as |t|−4, while
the VMD contribution (which results transversely polarized ρ0 mesons) is
estimated - by means of dimensional counting - to decrease as |t|−6. The
contribution of two-gluon and quark-exchange diagrams are compared, and
only at θ ≈ 90o they are found to be in the same order. At small angles the
quark-exchange contribution is much more smaller and decreases with s in
contrast with the two-gluon exchange diagram. The logarithmic corrections
are supposed to be negligible at s ≈ 101 − 102GeV 2. Because neglecting the
logarithmic contribution the predicted cross-sections should be regarded as
lower bounds.
The very early paper of Stanley J. Brodsky and G. Peter Lepage [61]
calculate the quark exchange diagram contribution to vector meson produc-
tion in two-photon collisions in case of large momentum transfer and wide
angles. They point out that some of the cross-section is very sensitive to
the process independent meson distribution amplitude (ΦM(x,Q)), and they
conclude with that the charged ρ pair production is much bigger than that of
the neutral one. This result is in contrast with the numerical calculations of
V.L. Chernyak and I.R. Zhitnitsky and it’s validity can be questioned, since
ΦM(x,Q) was arbitrarily chosen.
Starting from a bound-state model of weakly bound quarks for (qq̄)
mesons, L. Houra-Yaou, Paul Kessler,Joseph Parisi, Johan Hanson and Francesco
Murgia derive a formalism [62] for computing the production or decay of
such mesons whatever the value of their internal angular momentum (L) is.
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The model appears as a natural generalization of the Brodsky-Lepage model
(valid only for L=0).Predictions are given for i) tensor meson pair, ii) pseu-
dotensor meson pair production and iii) hybrid pairs made of a pion and a
pseudotensor meson.
Using vector meson dominance and supposing quark additivity M.M.
Block et al. [63] derive results for γp and γγ interactions from the pp and pp̄
forward scattering amplitudes. The nucleon-nucleon data are parameterized
using a model where high energy cross section rise with energy due as a con-
sequence of the increasing number of soft partons populating the colliding
particles. Predictions are given for γp→ γV and γγ → ViVj processes.
In a series of papers [64, 65, 66] A. Donnachie and his co-workers worked
out models for vector and tensor meson electro and photoproduction partly
in the framework of the color-dipole picture as it is applied to the high-
energy scattering. Predictions are given for ρ0,Φ, J/Ψ electroproduction and
for γ(∗)γ(∗) → V1V2 type processes.
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Figure 24: Results of previous cross section measurement of the 	→
π+π−π+π− channel. It is important to note here, that the ARGUS data
was corrected using partial wave analysis, thus their results supposed to be
much closer to the reality.
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5.2 The semi-hard approach
In this section we present the semi-hard approach of the problem. Since the
kinematics of the data in our hand more or less fulfill the requirements of the
semi-hard approach, it is important to understand the how these predictions
are made. The amplitude of the γγ → ρ0ρ0 will be calculated along the same
principle as that of [52]. In principle we have applied their calculations to our
phase space, using the same notation and approximations, and the details of
the intermediate steps and the dependence of the amplitude on the meson
wave function Φ(ξ) will be presented here.
The lowest order Feynman-diagrams corresponding to the process exam-
ined can be seen in Figure 25. Since the dependence of the cross-section on
Figure 25: The lowest order Feynman diagrams describing the process γγ →
ρ0ρ0. a.) quark exchange, b.) gluon exchange.
the central momentum energy is proportional to ≈ sJ1+J2−1, where J1 and J2
is the spin of the particles exchanged in the t channel, at high enough ener-
gies the gluon exchange diagrams dominates. It’s contribution is calculated
here.
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5.2.1 The impact factor representation
The incoming photons have momentum p1 and p2 and the gluons exchanged
















After introducing the Sudakov-variables:
k = αkp2 + βkp1 + kT , qa = αap2 + βap1 + qaT , q = αqp2 + βqp1 + qT (38)




















(For a description of Sudakov variables see reference 15,16 of [24].) Due to
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Using these relations the gluon propagator can be simplified:
k2 = (αkp2 + βkp1)
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Convoluting this with the Mμνγg→Ag(p1, k, q1,2) amplitude, only the products




























































The quantities JγA and JγB are called impact factors and describe the am-
plitude of the lower and upper block of Figure 25.
5.2.2 The impact factor Jγqq̄
Taking into account only the lowest order contributions, the impact factor










· (A+B + C + A′ +B′ + C ′), (47)
where A,B,C denote the contribution of the three diagrams of Figure 26,
while A’,B’,C’ stands for the same thing after variable interchange. If one
of these amplitude is known the others can easily be obtained by a suitable
change in the variables, thus it is enough to calculate the contribution of only
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Figure 26: The six diagrams which gives contribution to the impact factor
Jγqq̄ at lowest order. The other three not depicted in the figure can be
obtained with the k, μ→ k − q, ν variable interchange.
one of them. Let’s calculate the amplitude corresponds to the first diagram
of Figure 26.









· (−Qeγδ) · εδ1 · gγμT a · gγνT b
ū1
1
m− (q̂1 − p̂1) ·
1
m− (q̂1 − p̂1 − k̂)
u2, (48)
where the first term of the product stands for the photon-quark vertex, the
second describe the incoming photon, third and fourth are for the gluon-
quark vertices, while the fifth and sixth take into account the quark propa-





q̂1 − p̂1 +m
(q1 − p1)2 −m2 · Fu2, (49)
where δab
2N
is due to the projection of the color matrix onto the colorless t
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Further simplification occurs after writing down the same expression with
the use of the Sudakov variables, and permuting p̂2 over the numerator of





s · (−1 + β1 − βk)




Dividing with (−1 + β1 − βk) in the numerator and in the nominator, using
the approximations derived from the kinematic of the process and taking into
account the contribution of the single pole in lower half of the the complex













thus the impact factor JγA can be written as
JγA = (−Q)eg2 δab
2N
ū1ε̂1 · q̂1 − p̂1 +m




The substitution of the
a.) ū1q̂1 = mū1
b.) ū1ε̂1q̂1 = ū1ε1μq1ν(2g
μν − γνγμ) = ū1(2ε1q1T −mε̂1)






q̂1 − α1p̂2 − q̂1T
β1
(54)
relations (which can be derived from Equation 38), into Equation 53 yields:
JγA = (−Q)eg2 δab
2N
ū1






Similar calculations can be performed for the rest of the diagrams, but with
a simply variable interchange those can be derived from the one calculated
above:
JB = JA(q1T → −q2T ), JC = −JA(q1T → q1T − kT ),
JC
′
= −JB(q2T → q2T − kT ). (56)
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is zero, since they have no poles in the lower
half of the complex αk plane. The summation of the four term (J
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(1 + ξ), where ξ = e1−e2
E1
the variable which describe the
relative motion of the quark and antiquark in the meson, (e1 and e2 are the
energies of the quark while E1 is that of the meson) and performing some
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− (q1T → q2T )





− kT − q1T
(k − q1)2T +m2
)
− (q1T → q2T ) (58)
To produce mesons both quarks must move almost collinearly, thus their
transverse momenta are related as




(1 + ξ)qT , q2T =
1
2
(1 − ξ)qT . (59)
In order to take into account the qq̄ → V transition the quark spinors should
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The upper line has to be used in case of longitudinally polarized meson, while
the lower one describe the transverse amplitude. Applying this substitution
to Equation 58:

















With the neglection of the quark masses the production of longitudinal
mesons become dominant. (Moreover the transverse amplitude is suppressed
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2
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2
(r + ξn)|qT |
(62)
Using this variables and substituting Equation 58 into Equation 61 one can



















+ (ξ → −ξ)
}
(63)
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5.2.3 The γγ → ρ0ρ0 amplitude
Substituting Equation 63 and Equation 62 into Equation 46 the transition
amplitude has the form:





cV cV ′fV fV ′
N2 − 1
N2
IV V ′ , (64)
where IV V ′ is the following integral:




ε1FV (r, n) · ε2FV ′ (−r,−n)
(r − n)2(r + n)2 d
2r (65)
In our case V = V
′
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In principle one has to calculate the integral of the nine term arise from the
second line of Equation 67. Denoting with (1, 1)(ξ1, ξ2) the product of the
first term of the first bracket and the first term of the second bracket of the
second line of Equation 67, one can observe the following relations:
(1, 1)(ξ1, ξ2) = − 4ξ1ξ2
(1 − ξ21)(1 − ξ22)
(ε1n)(ε2n)
(r − n)2(r + n)2




(r − ξ2n)2(r − n)2(r + n)2
(2, 2)(ξ1, ξ2) = − ε1(r − ξ1n)ε2(r − ξ2n)
(r − ξ1n)2(r − ξ2n)2(r − n)2(r + n)2
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(2, 1) = (1, 2)(ξ2, ξ1);
(1, 3) = −(1, 2)(ξ1,−ξ2); (3, 1) = −(1, 2)(ξ2,−ξ1);
(3, 3) = (2, 2)(−ξ1,−ξ2);
(2, 3) = −(2, 2)(ξ1,−ξ2); (3, 2) = −(2, 2)(ξ2,−ξ1), (68)
(For the sake of brevity, we do not sign the integration over ξ1, ξ2 and r.) We
can start our calculation with the (2,2) term. (Here it is worth to mention
that the x axis is chosen along the n vector. The rx integration will be
performed by means of residues, and the remaining ry is an elementary one.)
(2, 2)(ξ1, ξ2) = − ε1(r − ξ1n)ε2(r − ξ2n)
(r − ξ1n)2(r − ξ2n)2(r − n)2(r + n)2 =
= −
(
(ε1n)(rx − ξ1) + ε1yry
)(
(ε2n)(rx − ξ2) + ε2yry
)
(r − ξ1n)2(r − ξ2n)2(r − n)2(r + n)2 =, (69)
where we used the identity
ε1(r − ξin) = ε1xrx + ε1yry − ε1xξi = (ε1n)(rx − ξi) + ε1yry (70)
Performing the multiplication between the parentheses in the numerator of
Equation 69 and keeping only terms with odd power of ry (terms with even
power of ry in the numerator are antisymmetric in ry since the nominator is
symmetric in ry, thus their integral gives zero):
= −(ε1n)(ε2n)(rx − ξ1)(rx − ξ2) + ε1yε2yr
2
y
(r − ξ1n)2(r − ξ2n)2(r − n)2(r + n)2 . (71)
The numerator of the above fraction can be written as:
(ε1n)(ε2n)(rx − ξ1 + iry)(rx − ξ2 + iry) + ε1ε2r2y, (72)
where we used the fact again that terms with even power of ry do not con-
tribute. Let’s denote the first (second) term of Equation 72 with (2,2)A
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((2,2)B), and calculate (2,2)A first.
(2, 2)A = −(ε1n)(ε2n)(rx − ξ1 + iry)(rx − ξ2 + iry)
(r − ξ1n)2(r − ξ2n)2(r − n)2(r + n)2 =
− (ε1n)(ε2n)(rx − ξ1 + iry)(rx − ξ2 + iry)
(rx − ξ1 + iry)(rx − ξ1 − iry)(rx − ξ2 + iry)(rx − ξ2 − iry) ·
· 1
(rx − 1 + iry)(rx − 1 − iry)(rx + 1 + iry)(rx + 1 − iry) =
− (ε1n)(ε2n)
(rx − ξ1 − iry)(rx − ξ2 − iry)(r − n)2(r + n)2 (73)
Regarding the complex rx plane, the above fraction has poles on the upper
half plane at the following positions, when ry is positive:
rx1 = ξ1 + iry; rx2 = ξ2 + iry; rx3 = 1 + iry; rx4 = −1 + iry, (74)
and at
rx5 = 1 − iry; rx6 = −1 − iry, (75)
when ry is negative. After the rx integral has been performed with the help of
these residues we arrive to the following expression (the integration contour














8(1 − ξ1)(1 − ξ2)(1 + iry)iry +
1
8(1 + ξ1)(1 + ξ2)(1 − iry)iry +
+
1
(1 − ξ1 + 2iry)(1 − ξ2 + 2iry)(2iry)(2)(2 + 2iry) +
+
1
(−1 − ξ1 + 2iry)(−1 − ξ2 + 2iry)(2iry)(−2)(−2 + 2iry)
}
(76)
Summing up (2,2)A + (2,3)A + (3,2)A + (3,3)A and taking into account
the relations of Equation 68, the third, fourth and fifth lines of Equation 76
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cancel out, while the first two give the following contribution:




















One can determine the contribution of the remaining terms of Equation 67
using similar calculations. Finally the result can be written as:












(1 − ξ21)(1 − ξ22)
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(1 − ξ2)(1 − 1
5
bV + bV ξ
2), (80)
where bV (as cV and fV ) can be found by means of QCD sum rules:




; fρ0 = 0.21 GeV (81)
























If one uses the asymptotic wave function with bV =0, then for unpolarized
















Integrating over from t0 = 0.38 GeV (cos(Θ
∗
ρ0) = 0.9 at s=10 GeV) one get
σγγ→ρ0ρ0(−t ≥ t0.)=162 pb.
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6 The π+π−π+π− final state
In this chapter we present the study of the γγ → ρ0ρ0 process. We study
the properties of the high-mass region (Wγγ > 3GeV ) not only to give
answers to some of the questions and predictions of recent theoretical papers
[64, 65], but to study the structure of the VMD component of the photon
and the properties and nature of the elusive pomeron [70],[71]. There exists
only one previous measurement in this region based on the ’97 data (which
corresponds to L = 47.9 pb−1 ) of the L3 detector at LEP [67]. The aim of our
measurement was to include the whole data of LEP2 in a more sophisticated
analysis of that kind.
6.1 The data and Monte Carlo samples
The data taken by the L3 detector from 1996 to 2000 in the 161 GeV <
√
se+e− < 208 GeV energy range, corresponding to a total integrated lumi-
nosity of L ≈ 610 pb−1, were analyzed. The luminosity collected is at least
10 times higher than in the case of the previous study, which allows one to
perform a much more quantitative analysis. Due to exclusion of runs with
not properly working subdetectors or trigger problems the suffered luminos-
ity loss is around ΔLbadrun ≈ 20.1 pb−1, which does not really affect the
statistics of the data sample.
The signal and background events were generated using the PYTHIA and
PHOJET Monte Carlo programs, by simulating the γγ → qq̄ process. Using
generator level informations one can produce a Monte Carlo signal sample
(i.e. γγ → ρ0ρ0), which can be used for trigger and selection efficiency
studies. The luminosity corresponding to the generated Monte Carlo events
is roughly two times higher than that of the data.
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Since it was shown that nor PYTHIA neither PHOJET is willing to pro-
duce a good enough description of our data, in the bulk of our study we rely
on the EGPC generator. The output of EGPC needs weighting correspond-
ing to the data since - as was mentioned earlier - there is no built-in physical
model in this program.
6.2 Selection of four-track events
We start from an untagged data sample i.e. we do not require neither exclude
the presence of tagging electrons. In this scenario the events are dominated
by the collision of two quasi-real photons. The choose of the selection cuts
tries to reflect the attempt of collecting the largest amount of four track
events measured with high-enough precision and having the least amount of
fractional background.
The event selection took place in two steps. The aim of the first step is
to reduce the amount of raw data down to a handable size. In this phase of
selection only the presence of 4-6 well measured tracks is required. The final
selection of events happens in the second phase. In order to select our events
we set up the following requirements:
• Exactly four charged tracks (Ntracks = 4) with net zero charge (∑iQi =
0), no rejected tracks next to these four is allowed.
• The tracks must come from the primary vertex inside 3σ of the exper-
imental resolution both in transverse plane (DCA < 1 mm) and along
the beam axis. (ZDCA < 21 mm)
• The tracks have to measured at least 12 points out of the 62 in the
TEC (Nhits ≥ 12).
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• All tracks have to have a transverse momentum at least 100 MeV (pT i ≥
100MeV ).
• The probability - calculated from dE/dx measurement - of having a 4
pion event should be greater then 6 % (CL(4π) ≥ 6%).
• Events with photon are rejected. A photon is defined as an isolated
cluster in the BGO with no tracks around 200 mrad (χmin ≥ 200mrad),
exceeding at least two crystal (Ncrys ≥ 2) and having an energy
greater than 100 MeV (Ebump ≥ 100MeV ).




2 ≤ 0.02 GeV 2/c2).
Fake and badly measured tracks due to noisy wires in the TEC or low mo-
mentum particles are excluded by the first selection cut. Secondary particles
of long-lived resonances can be rejected applying the second requirement. A
very wide cut on the dE/dx probability is applied in order to reduce the
low momentum kaon contribution with keeping the high-mass 4π events at
the same time. In principle the contributions of kaons could be determined
through their decay, when one observes a track - in one of our 4 track events
- in the TEC having a kink which refeer to the emission neutral particle.
Since the L3 tracking system is not capable to localise kink the use of this
method is impossible. A photon has to be isolated from tracks in order not
to misidentify bumps due to charge-exchange processes in the BGO, and in-
clude at least two crystals with high-enough energy to reduce the fake photon
contribution of noisy crystals.
The value of the cut on the overall transverse momentum imbalance -
which serves to eliminate the inclusive background - can be determined com-
paring the shape of the (
∑
i pT i)
2 of the data and the Monte Carlo signal
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events.
Figure 27: The (
∑
i piT )
2 distribution of the selected four track events. The
arrow indicate the value of the cut applied.
Figure 28: Invariant mass (Wγγ) distribution of selected four track events in
linear (left) and logarithmic (right) scale. The arrows indicate the border of
the hight-mass region (Wγγ > 3 GeV).
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This distribution (see Figure 27) peaks at zero if all the final state particles
are reconstructed, while the same distribution of inclusive events has no so
sharp peak at zero. Another feature of the cut is that, the maximum Q2 of




exclusive event sample is dominated by events with small photon virtualities.
The two-photon invariant mass distribution of the selected 4-track events
is plotted on Figure 28. At this stage of the analysis the observed number
of events is 39778 out of which 38746 lies in the low-mass (Wγγ < 3GeV)
region.
The four charged tracks yield 4 possible unlike-sign and 2 sign-like pairing
combination among the pions, thus three different event scenario is to be
considered. One of these can be ruled out on the basis of the neutral charge
of the ρ0 meson and can be used to estimate the combinatorical background
due to wrong pairing. (Here we suppose that only neutral particles can be
found in the events.) The convention is as the following: π+, π−, π+, π− =
π1, π2, π3, π4. The usual method is to plot a quantity (for example the mass)
of the unlike-sign pairs and subtract that of the like-sign pairs i.e. that of
the combinatorical background. It is very useful to plot the mass of one of
the (un)like-sign pair of an event as a function of the other. In this way is
it possible to detect the accumulation of events around a given mass. These
plots can be seen in Figure 29 for different intervalls of Wγγ in the low-mass
range. For the sake of better visibility the plots are symetrized, which means
that in the case of like-sign pairs, there is a point at (mπ1π3, mπ2π4) and
another one at (mπ2π4 , mπ1π3) on the same plot for each event.
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Figure 29: Scatter plot of two pion mass distributions in different intervals
of Wγγ, on the left for unlike-sign (π
+π−) combinations with four entries per
event and for like-sign (π±π±) ones, two entries per event on the right.
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The unlike-sign plots are symmetrised in a similar way, but with four en-
tries per event ((mπ1π2 , mπ3π4), (mπ3π4, mπ1π2), (mπ1π4, mπ2π3), (mπ2π3 , mπ1π4)).
While below the ρ0ρ0 threshold only continuum production of the 4π can be
observed, above the threshold the data is obviously dominated by γγ → ρ0ρ0
events. In each of the Wγγ interval the like-sign distributions exhibit no
structure.
It is important to know, how precisely one can measure the different
quantities of the events. Using the EGPC generator, we compared the gen-
erated and the reconstructed values of Wγγ and mρ0 of the selected four track
events. The distributions are shown on Figure 30. (This information has to
be taken into account when for example one fixes the bin width of different
histograms.)
Figure 30: Resolution of the ρ0 meson mass and that of the two-photon invari-
ant mass, Wγγ. The distributions were obtained from the EGPC γγ → ρ0ρ0
event sample.
The combinatorical background subtracted invariant two-pion mass dis-
tribution of the high-mass (Wγγ > 3 GeV) is shown in Figure 31. The data
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was fitted with the sum of three Breit-Wigner function. The two plots are
identical, but for better visibility the results of the fit are shown on separate
figure. The resulted masses and widths of the mesons are pretty good agree-
ment with the world avarage after taking into account the screening effect
of the resolution. The fact, that for a good description of the data we don’t
need to perform a separate fit to the background, may significate that the
background contribution is very small. The number of events can be derived
from the result of the fit.
Figure 31: The combinatorical background substracted invariant two-pion
mass distribution. Four entries per event with positive weigth corresponding
to the unlike-sign pairs and two entries with negative weight for the like-sign
pair background estimation. The data was fitted with 3 Breit-Wigenr curves
with no parameter fixed. The presence of the ρ0 and that of the f2 is obvious,
while the significance of the third (X) bump can be questioned.
Integrating the fitted Breit-Wigner curves one gets the number of ρ0 and
f2 mesons in the peaks: Nρ0 ≈ 620±30 and Nf2 ≈ 187±14. In case of quasi
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elastic scattering a better description of the ρ0 shape can be obtained with
















but the change in the number of mesons under the peaks due to the use
of this parametrisation is expexted to be much smaller than the statistical
fluctuations.
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Figure 32: The same plots as in Figure 29 but for the high-mass region
(Wγγ > 3 GeV). The upper one for unlike-sign (π
+π−) combinations with
four entries per event and the lower one for like-sign (π±π±) ones, two en-
tries per event. While the accumulation of events around the (mρ0 , mρ0) and
(mf2 , mf2) region is clearly observed in the upper plot, the lower one exhibits
no structure.
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Figure 33: Distribution mππ of selected γγ → ρ0ρ0 events. Two entries per
event in both plot.
The two dimensional scatter plot for the high-mass events (similar to
that of Figure 29) is show on Figure 32. While the accumulation of events
around the (mρ0 , mρ0) and (mf2 , mf2) region is clearly observed in the upper
(unlike-sign) plot, the lower (like-sign) one exhibits no structure.
6.3 Exclusive ρ0ρ0 production
6.3.1 Selection of γγ → ρ0ρ0 events.
In order to select the high-mass γγ → ρ0ρ0 events we accepted the definition
of the previous study. A high-mass γγ → ρ0ρ0 event was defined as an event
with Wγγ > 3 GeV and having at least one pairing combination when the
invariant mass of both the unlike-sign pion pairs is less than 1.1 GeV. If there
exist more than one such a combination, than the one with smaller quadratic
deviation from the nominal ρ0 value is taken, i.e. the one with smaller D,
where D = (mππ1 −mρ0)2 + (mππ2 − mρ0)2. This sounds quite an artifical
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definition, but it was shown that in the case of an exclusive γγ → ρ0ρ0
Monte Carlo sample the fraction of events with wrong pairing was less than
0.5 %. This definition leads significant number of fake signal events only if
the background contribution is large, which is not our case.
While the distribution of the two-photon invariant mass - which is cal-
culated from the four track - does not heavily depend on the quality of the
pairing, badly matched pion pairs can cause disortions in the polar angle
distribution of the ρ0 mesons or in the angular distribution of their decay.
The resulted one and two dimensional mππ mass distribution of selected
γγ → ρ0ρ0 events is plotted on Figure 33. The mass of both ρ0 of the event
enters into the one dimensional histogram, and the two dimensional one is
symetrised again.
Working with neutral particles it can be useful to have a look to their
Podolanski-Armenteros distribution [68], which is a useful tool in the study of
V 0 → m+m− like processes (two or three particle decay of neutral particles).
(See Figure 34.) Let pT (pL) be defined as the transverse (longitudinal)
component of the momenta of the positively charged decay product with
respect to the direction of motion it’s neutral parent particle. Plotting pT
as a function of |pL|/|pn|, where pn is the momentum of the neutral parent
particle one gets an ellipse. Its horizontal extension depend on m+, m−, mn
and pn, while it’s vertical size and the position of it’s center depend only
on m+, m−, mn, which makes possible to apply selection cuts with the help
of this distribution. Among the four unlike-sign combination we have two
real and two fake ρ0. The Podolanski-Armenteros distribution of the fake ρ0
mesons are different from that of the real ones. This fact also can be used to
distinguish between the real and fake unlike-sign pairs.
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Figure 34: The Podolanski-Armenteros plot of the Monte Carlo (γγ → ρ0ρ0)
and the data sample for the four unlike-sign pion pair combination. For each
combination the variables were calculated and added to this figure, thus there
is two right and two fake entries per event. The accumulation of the events
around the ellipse is due to the presence of the ρ0 meson. The signal of other
neutral particles (f2) is supressed by the background.
6.3.2 Angular distributions
The production angle of the mesons and their polarisation depends strongly
on their production mechanisms. In different kinematical regions different
production mechanism are dominating. In the followings we compare the
predictions os theories presented in Section 5 with our results.
Predictions
• In the VMD model the transverse polarisation of the incoming quasi-
real photons is preserved during the elastic scattering which leads to
small angle scattered transversely polarised mesons.
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• At intermediate energies the contribution of the VMD component is not
so significant. The quark-exchange diagram of leading order QCD cal-
culations predicts the production of both longitudinaly and transversly
polarised ρ0 meson with forward peaking in the Θ∗ρ0 distribution
• while according to the two gluon-exchange diagram - which is sup-
posed to be the dominating one at higher energies - the production of
transversly polarised mesons is suppressed by a factor of ≈ μ2/t and
the Θ∗ρ0 distribution of this longitudinal mesons is much more forward
peaked.
• Both PYTHIA and PHOJET generate transversely polarised ρ0 mesons.
The observed uncorrected distribution of the production angle of the
mesons in the two-photon rest frame Θ∗ρ0 , and the distribution of Θ
∗
π+ is
shown on Figure 35. The polarisation of the ρ0 may depends on its produc-
tion angle, thus we expect a variation in the distribution with changing Θ∗ρ0
as a result of the varing contribution of different processes. The polarisation
of the mesons can be recognised from the angular distribution of their decay.
The cosine of the production angle of the positive pion (Θ∗π+) with respect
to the direction of motion of the ρ0, in the ρ0 rest frame should be propor-
tional to sin2(Θ∗π+) for purely transverse, cos
2(Θ∗π+) for purely longitudinal
polarisation and flat for unpolarised decay.
6.3.3 Invariant mass and cross section
The dependence of the cross section on the two-photon invariant mass is not
very well known at all. Again, we have a wide range of predictions.
Predictions
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Figure 35: The observed uncorrected distribution of a.) the absolute value of
the cosine of the production angle of the ρ0 in the two-photon rest frame, b.)
and that of the cosine of the decay angle of the positive pion with respect to
the direction of motion of the ρ0, in the ρ0 rest frame.
• According to the VMD model the γγ → ρ0ρ0 cross section is directly
proportional to the elastic (pp → pp) cross section which rises as ≈
s2∗(1.08−1) at high energies, however compared to leading order QCD
contribution it is supressed with a factor of 1/sγγ.
• The contribution of the two-gluon exhcange diagram of leading order
QCD is independent from s, while that of the quark exchange decreases
as ≈ 1/s2.
• The model of M. M. Block et al. predicts slowly decreasing cross section
with s increasing in the
√
s < 10 GeV energy range.
• The conclusion of the color-dipole model is an approximately linearly
rising cross section with s, however this prediction was given for a
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higher energy range s (
√
s > 10 GeV). (Originally the SVM does not
contain the description of the energy dependence of the different pro-
cesses, it was added ad hoc. by the use of a two-pomeron exchange
modells.)
Figure 36: The observed, uncorrected number of γγ → ρ0ρ0 events as a
function of the two-photon invariant mass on linear (left) and on logarithmic
(right) scale.
Since the efficiency of the reconstruction of exclusive final states of diffrac-
tive processes due to the small scattering angles is very small, one has to
rely on Monte Carlo generators in order to correct the observed number of
events according to the calculated efficiency, which may introduce significant
uncertanities into the result of the measurement, especially at small angles.
In principle the efficiency depends only on the geometrical acceptance of the
detector and not on the physics of the events, that’s why we can use the
EGPC generator for this purpose.
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Figure 37: Cross section of the e+e− → e+e−ρ0ρ0 a.) and γγ → ρ0ρ0 b.)
processes as a function of the two-photon invariant mass in 0.5 GeV/c2 bins.






where N(Wγγ) is the number of observed events, εsel is the selection, εtrigg is
the trigger efficiency, Le+e− is the e+e− luminosity.











relation, where Lγγ is the two-photon luminosity function discussed in Section
3.1.3. The results depend on the choose of this function. The different two-
photon luminosity functions are shown on Figure 38 as a function ofWγγ . The
differences between these curves - which are fortunately very small - should
be taken into account as a contribution to the systematic errors present in
the results.
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Figure 38: Comparsion of the different two-photon luminosity functions. The
functions are integrated over the 0.5 GeV width bins. The small differences
should be regarded as a contribution to the systematic errors of the results.
The measured e+e− → e+e−ρ0ρ0 and γγ → ρ0ρ0 cross section is shown
on Figure 37.
6.3.4 Momentum transfer
It is interesting to measure the momentum transfer (distribution of the pro-
cess, since this quantity if often calculated in theoretical papers. Let’s see
where we are:
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Predictions
• In the regge picture the t dependence of the cross section is exponential.
• Leading order QCD calculations predict power like behaviour. In case
of two-gluon exchange it is like ≈ 1/t4.
• The color-dipole model concludes with an exponentially falling dσ/dt
distribution.
The measured momentum transfer distribution is shown on Figure 39.
Figure 39: Observed, uncorrected distribution momentum transfer of the
events.
6.3.5 Trigger and selection efficiencies
In order to correct the observed distribution of the data, one has to calculate
the efficiency of the trigger, and that of the event selection.
The selection efficiency is defined as the fraction of the number of gen-
erated and accepted events of a Monte Carlo sample. This efficiency as a
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function of Wγγ and Θ
∗
ρ0 was calculated using the γγ → ρ0ρ0 EGPC Monte
Carlo sample. (We suppose here that the dependence of the selection effi-
ciency on the ρ0 polarisation can be neglected for the first approximation.)
The resulted distribution was fitted with the
P1 · (1 − P2 · cos2(Θ∗ρ0)) ∗ (1 + P3 ·Wγγ + P4 ·Wγγ ∗ ∗2) (87)
curve, which was found to be a good description of selection efficiency (χ2/d.o.f. =
0.73, see Figure 40). Since the result of this measurement heavily depend on
Figure 40: The γγ → ρ0ρ0 selection efficiency as a function of |cos(Θ∗ρ0)| and
Wγγ derived from the EGPC sample on the left, and the result of the fit on
the right.
the selection efficiency, it is very important to work with a good description.
The method described above should be regarded as a first approximation,
more sophisticated approaches will probably be necessary.
Our events were triggered by the iTEC-, oTEC-22 , and the energy-trigger.
22The abbreviation iTEC and oTEC stand for the inner TEC and outer TEC. The TEC
is divided into two part having different track resolution, wire density, and trigger system.
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Figure 41: The trigger efficiency as a function of the two-photon invariant
mass, and the production angle of the ρ0 in the two-photon rest frame.
The trigger efficiency was calculated from the data and is defined as follows:
εtrigg = 1 − (1 − εio)(1 − εoi)(1 − εie), (88)
where εio is the efficiency of the iTEC trigger respect to the oTEC trigger,
εoi is the efficiency of the oTEC trigger respect to the iTEC trigger and εie
is the efficiency of the iTEC trigger respect to the Energy-trigger. Here we
suppose that, the three different triggers are independent, however it is only
approximately true. (For the ’yes’ of the iTEC trigger one needs to have at
least on track in the outer part of the TEC.) Trigger efficiency studies are the
most boring part of all thesises. Thank you very much reading this section
as well ! You are my guest for a cold beer ! This efficiency was calculated
as a function of the two-photon invariant mass and the production angle of
the ρ0 in the two-photon rest frame (εtrigg = εtrigg(Wγγ), εtrigg = εtrigg(Θ
∗
ρ0)).
The resulted distributions can be seen on Figure 41. Of course one is not
allowed to perform a staightforward comparsion of the observed distribution
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of the momentum transfer with the Monte Carlo predictions. A dedicated
correction algorithm has to be applied, since this is the most interesting
aspects of diffractive scattering.
6.3.6 Assessment of uncertainties
The precision of the measurement is limited by a number of reasons. Here
we list all the different sources of uncertainties.
The small uncertanities in the measurement of the e+e− luminosity can
be surely neglected. They are in the order of ≈ 0.05 %.
The number of (inclusive) background events was estimated from the
(
∑
i pT i) distribution. Supposing that they are uniformly distributed in Wγγ ,
and calculating the fraction of the number of 4π events and the number of
accepted ρ0ρ0 events in the Wγγ < 1.1 GeV/c
2 mass window, and supposing
that this fraction is the same for the background events, (i.e for background
events in the 4π sample and in the ρ0ρ0 sample) one can obtain the number
of background events in the ρ0ρ0 sample. One of the main achivement of
this work is the reduced fractional background contribution compared to the
previous study.
The choose of the two-photon luminosity function is also a source of error.
















where i and j run over all the N different luminosity function. In words, the
relative error is the average quadratic deviation of the different two-photon
luminosity functions from their average value in that bin, divided by the
average value in that bin.
Because of the wide width of the f2 resonance, we expect some overlap
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with the ρ0 meson. Supposing that their selection efficiencies are the same,
(which cannot be exactly true since the f2 is heavier, thus its ’slower’ in the
lab frame, thus the probability that its decay product enter into the sensitive
region of the detector is larger) as that of the ρ0, from the measured amplitude
and from the fit one is able to calculate the number of fakely accepted f2f2
events.
The choose of selection cuts is a more serious source of error. Its contribu-
tion can be estimated using the pseudo-χ2 method, described in Appendix-A.
Different definitions of an exclusive ρ0ρ0 events can lead to different num-
ber of events. It is hard to estimate its precision, its error is supposed to be
included in the error of the selection efficiency.
While the error of the selection efficiency is limited only by the statistics
of the Monte Carlo events, the error of the trigger efficiency depends on the
statistic of the data. This limited statistics accompanied with the painful
theoretical uncertanities is the major source of errors.
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6.3.7 Summary
We studied the π+π−π+π− final state of two-photon collisions. The data col-
lected by the L3 detector at LEP between 1996 and 2000 in the
√
se+e−=161-
208 GeV energy range.
We concentrated onto the high mass Wγγ > 3 GeV region of the process
in order to reveal the nature of the VDM component of the photon and the
properties of the pomeron.
The contribution of the γγ → ρ0ρ0 and the γγ → f2f2 processes to this
final state was clearly observed. The cross section of the process γγ → ρ0ρ0
was calculated in the semi-hard approximation. We studied the angular
distribution of the production of the ρ0 mesons and that of their decays.
The e+e− → e+e−ρ0ρ0 and the γγ → ρ0ρ0 cross sections were measured, and
an important parameter of diffractive processes the t dependence of the cross
section was determined.
118 7 THE π+π0π−π0 FINAL STATE
7 The π+π0π−π0 final state
7.1 Introduction
Several experiments have observed a large cross section near the threshold
for the reaction γγ → ρ0ρ0 [29] - [35] . In contrast, the corresponding cross
section for the isospin related reaction γγ → π+π−π+π− was shown to be
small. The first spin-parity-helicity analysis of the reaction γγ → π+π−π+π−
was carried out by the TASSO , and ARGUS collaboration. Both of them
used similar models and observed the dominance of the ρ0ρ0 states with spin-
parity JP = 2+ and 0+. The contribution of negative-parity states was found
to be negligible.
In this section we shortly report the results of a spin-parity-helicity analy-
sis of the reaction γγ → π+π0π−π0 for the low region of the two photon invari-
ant mass distribution and present various distribution and their comparison
to Monte Carlo predictions for the high mass region (Wγγ > 3GeV/c
2).
7.2 Data and Monte Carlo samples
The two-photon production of a ρ − pair, γγ → ρ+ρ− is observed via the
reactions e+e− → e+e−π+π0π−π0. Detection of the scattered lepton is not
required. The data were collected with the L3 detector at e+e− centre of mass
energies
√
s = 161 − 209 GeV , with a total integrated luminosity Le+e− ≈
610 pb−1.
7.3 Event selection
The e+e− → e+e−π+π0π−π0 are observed in the detector as 2 charged tracks
and four isolated photon clusters in the electromagnetic calorimeter as the
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result of the π0 → γγ decay. As such, we choosed the following selection
criterias:
• exactly two opposite charged tracks. A track is required to have more
then 12 hits, a transverse momentum pt greater than 100 MeV and
a distance of closest approach (DCA) to the interaction vertex in the
transverse plane less than 2mm.
• four isolated cluster in the electromagnetic calorimeter consisting of at
least two adjacent crystals with an energy greater then 100 MeV and
with no charged track within 200 mrad.
• an energy loss dE/dx in the tracking chamber corresponding to the
hypothesis that all the charged particles are pions, with a confidence
level greater than 6%.
• two pairs of photons each with a good fit to the π0 decay hypothesis
• to suppress the background from non-exclusive events, the overall trans-
verse momentum of the event |Σpt|2 must be less than 0.02 GeV 2.
7.4 The low Wγγ region
7.4.1 Spin-Parity-Helicity analysis
Following the model proposed by the TASSO Collaboration [31], we consider
ρρ production in different spin-parity and helicity states (JP , Jz), together
with an isotropic production of four pions, denoted as ”4π”. All states are
assumed to be produced incoherently, and therefore no interference effects
between the final states are taken into account. As states of different spin-
parity and helicity are orthogonal, all interference terms vanish on integrating
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over the angular phase space. Isotropic ρππ production, included in previous
analysis [35],[36], corresponds to an unphysical state since C-parity requires
the angular momentum between the two pions to be odd. We have verified
that this state is not essential to reproduce the data. The ρππ events, if
neglected are absorbed by the 4π background.
The analysis is performed in Wγγ intervals of 200 MeV for the γγ →
π+π0π−π0 events. As pions are bosons. the amplitudes which describe the
process must be symmetric under interchange of two pions with the same
charge and are:
gJP Jz = Bρ(mρ1)Bρ(mρ2)ΨJP JzLS(ρ1, ρ2) + permutations (90)
and
g4π = 1 (91)
where mρ indicates the mass of the two-pion system and Bρ(mρ) is the rel-
ativistic Breit-Wigner amplitude for the ρ meson [21]. The angular term
ΨJP JzLS(ρ1, ρ2) describes the rotational properties of the ρρ state with spin-
parity JP and helicity Jz. It is constructed by combining the spins of the
two ρ mesons, S = s1 + s2, with z projection Ms = m1 +m2 and then adding
this to the ρρ orbital angular momentum, L, with z projection M, to obtain
the state with total angular momentum J and z projection Jz = Ms +M :






where CJMl1,m1,l2,m2 are the Clebsch-Gordan coefficients, Ylm(ξi) are the spher-









θ and φρ being the polar and azimuthal angles of a ρ meson in the two-
photon helicity system. The z axis is chosen parallel to the beam direction,
which to a good approximation is parallel to the γγ helicity axis. The angles





are the polar and azimuthal angles of the positive pions in the

















4. Since the analysis is performed close to threshold, the
orbital angular momenta are restricted to L = 0, 1. The allowed spin-parity-
helicity final states of the ρρ system in quasi-real two-photon reactions are
then: (JP , Jz) = 0
+, 0−, (2+, 0), (2+,±2) and (2−, 0), with the total spin of
the ρρ meson system S = 1 or S = 2. States with helicity one are forbidden
by helicity conservation and spin-one states by the Landau-Yang theorem
[37],[38].
A maximum likelihood fit to the data is used in each Wγγ bin to de-
termine the contributions of the four amplitudes: 4π, 0+, 0− and (2+, 2−).
The remaining spin parity states are not considered as they have negligible
contribution if included in the fit.
7.4.2 Cross section
The cross section for the process k, with fraction λk determined from the fit,








dLγγ is the two-photon luminosity function integrated over the Wγγ
bin, εk is the selection efficiency and εtrg is the trigger efficiency. The selection
efficiencies depend on Wγγ and on the particular wave. They are computed
from Monte-Carlo simulation. The trigger efficiency is calculated similarly to
the previous sections i.e. by comparing the efficiencies of the various triggers,
while higher level trigger efficiencies are estimated using prescaled events.
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7.4.3 Background estimation and systematics
The fraction of non-exclusive background in the ρρ sample is derived by
performing a spin-parity-helicity analysis of the background sample, defined
as the region 0.2GeV 2 < |Σpt|2 < 0.8GeV 2. We found that less than 30%
of these events are classified as ρρ. The background contribution in the ρρ
sample is then of the order of 1%.
Systematic uncertainties on the ρρ cross sections are due to selection
criteria, fitting procedures and trigger efficiencies. Uncertainties from the
selection procedure are estimated by varying the cuts on the quality of the
event and on the track definition. They vary between 3% and 10% for the
ρ0ρ0 channel and between 10% and 24% for the ρ+ρ− channel depending
on the Wγγ. Uncertainties on the model and the fitting procedure are esti-
mated by neglecting in turn the 0+ and 0− waves and including the (2+, 0)
and (2−, 0) waves in the fit. Small effects from the inclusion of additional
spin-parity states are also considered. Uncertainties on the determination
of the trigger efficiencies are of a statistical nature and affect mainly the
π+ π−π0π0 channel, where they vary between 2% and 6%. Uncertainties on
the background level are below 1% for both channels.
7.5 The high Wγγ region
The analyzation of the high mass region (Wγγ > 3 GeV/c
2) of the π+π−π0π0
final state was also performed, but no partial wave analysis was done. In this
region one does not expect the presence of resonances decaying to this final
state, but instead isotropic and diffractive production of pions and ρ mesons.
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7.5.1 The two pion mass spectra
The two-photon invariant mass distribution is shown on Figure 42 a.), while
the distribution of the transverse momentum squared of the final state par-
ticles on Figure 42 b.).
Figure 42: a.) Distribution of the two-photon invariant masses Wγγ . b.) The
transverse momentum squared |∑Pt|2 (b.)) of the π+π−π0π0 final state. The
arrow shows the region selected for this study on both figure.
In order to reconstruct the 2 ρ mesons, one has to combine the 4 photons
with the 2 pions. There is 6 possible combinations for a π0, 12 different
combinations for a charged ρ particle, while the invariant mass distribution
of the 2 tracks (a possible ρ0) is unambiguous. The invariant mass distri-
bution of two-photon combinations is shown on Figure 43 a.), the invariant
mass of the two tracks is on Figure 43 b.). While there is no combinatorial
background problem in case of the 2 tracks, the 2 photon invariant mass
plot contains 6 entries for each event, maximum 2 good and minimum 4 fake
combinations. In the π+π−π+π− final state analysis we estimated such a
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combinatorical background contribution by using the like-sign pion invariant
mass distribution. However this is impossible to do in case of photons. One
convenient method to address the problem is the usage of event mixing. We
paired photons from different events and subtracted the mass distribution
obtained this way from the original 2 photon invariant mass distribution. In
both cases a clear peak around the nominal π0 mass is seen and its width is
consistent with the nominal π0 width.
Figure 43: a.) Distribution of the final-state two-photon invariant masses
mγγ . Because of the possible combinations among the final state photons,
there is 6 entries per event in the histogram. b.) The invariant mass distri-
bution of the two selected track show the ρ0 and the f2(1270) peaks.
The invariant mass distribution of the 2 tracks shows the presence of the
ρ0 and that of the f2 mesons.
In order to see whether charged ρ particles are produced we can plot the
invariant mass distribution of γγπ+ and the γγπ− particles. Figure ?? a.)
and b.)
While the presence of the ρ particles is obvious, they are not produced in
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Figure 44: a.) The invariant mass distribution of γγπ+ and the b.) γγπ−
particles. Each histogram contains 6 entries per event due to combinatorics.
pairs. This fact can be demonstrated by plotting the invariant mass of the ρ
candidates as a function of each other. In case of exclusive ρ+ρ− production
an accumulation of events around the 0.77 GeV/c2 x 0.77 GeV/c2 point
should be observed.
7.6 Summary
A spin-parity-helicity analysis of the four-pion final states produced in quasi-
real two-photon collisions for low Wγγ masses and study of various distribu-
tions for the high Wγγ region was performed. We arrived for the following
conclusions:
• In both channels the (2+, 2) wave is dominant. Small but significant
0+ and 0− waves are also observed.
• At higher masses, Wγγ > 3GeV , the γγ → ρ+ρ− and γγ → ρ0ρ0 cross
sections are equal, within the experimental uncertainties. In both cases,
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Figure 45: The invariant mass distribution of the two π0 particle candidates
as a function of each other, i.e mγγ vs. mγγ . The two dimensional histogram
is symmetrized for better visibility, thus contains 3x2 entries per event.
the cross section decreases rapidly above Wγγ ≈ 3GeV .
• In the high two-photon invariant mass range there no significant ex-
clusive ρ+ρ− production was observed. The production of neutral pi-
ons and rho mesons is obvious, but not through the γγ → ρ+ρ− →
π+π−π0π0 process.
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Figure 46: The invariant mass distribution of the two ρ particle candidates
as a function of each other, i.e mγγπ+ vs. mγγπ− . The two dimensional is
symmetrized for better visibility, thus contains 3x2 entries per event.
The results of the previous two section has been published in Physics
Letters B 638, Issues 2-3, 6 July 2006, p128-139, ,Physics Letters B 615,
Mar 2005, p19-30 and in Physics Letters B 604, Issues 1-2, 16 December
2004, p48-60.
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8 Inclusive J/Ψ production
8.1 Previous measurements and interpretations
It has been pointed out that the two-photon production of inclusive J/Ψ
mesons:
e+ + e− → e+ + e− + J/Ψ +X (94)
is a sensitive channel for investigating the gluon distribution of the photon
[72]. The two important processes leading to inclusive J/Ψ production is
the vector-meson dominance model (VMD), and the process described for
example by the color-octet model [73]-[77].
The Delphi Collaboration has performed measurements and reported a
successful observation of the inclusive two-photon production of J/Ψ mesons
observing through the muonic decay of the meson [78], see Figure 47. No
other experiment has reported similar results, so far.
The purpose of this section is to report the observation of inclusive J/Ψ
production from the two-photon fusion process, to to give its production
characteristics along with the cross-section and finally to assess the relative
importance of the production processes discussed above.
We have attempted to detect inclusive J/Ψ production via its two lep-
tonic final state channel, i.e. J/Ψ → μ+μ− and J/Ψ → e+e−. There no
signal has been detected in the muonic decay due to the relative low energy
of the final state muons which prevented them to propagate through the
hadronic calorimeter and reach the muon detector where they could have
been detected.
Partial success has been achieved in the study of the electronic chan-
nel, where inclusive J/Ψ production has been detected and the visible cross
section has been determined.
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Figure 47: The mass peak of the J/Ψ meson as detected by the Delphi
Collaboration [78].
8.2 Observation through the muonic decay
8.2.1 Event selection
The cuts applied were very similar to that ones used by the Delphi Collab-
oration, but of course adjusting them to the properties of the L3 detector.
Events with the following properties have been selected:
• the momentum of the particles greater than 200 MeV/c,
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• the relative error on the momentum is less than 60%,
• the number of TEC hits is greater then 14,
• impact parameter of the track along the beam axis is less than 21 mm,
• impact parameter of the track transverse to the beam axis is less than
3 mm,
• cluster in the electromagnetic calorimeter with no associated tracks
should have energy greater than 0.2 GeV
• two muons in the muon chambers and at least 2 other objects in the
detector
• polar angle of particle tracks with respect to the beam axis 10o < Θ <
70o.
8.2.2 Monte-Carlo simulation
The Pythia Monte Carlo program has been used to simulate the γγ → J/ΨX
events.
8.2.3 Results
The invariant mass distribution of the muons has been calculated and plotted
to histograms of various bin size, but no significant accumulation of events
has been observed around the nominal J/Ψ mass.
8.3 Observation through the electronic decay
Since the L3 detector’s BGO electromagnetic calorimeter is very sensitive
there was a better chance to detect the electronic decay of a J/Ψ parti-
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Figure 48: a.) The measured distribution of muon momenta in the events
when only one muon is required in the muon chambers and b.) when two
muon is required (and 4 tracks in the TEC in both cases). It is obviously
seen from the figure that the detection efficiency of 2 relatively low-energy
J/Ψ decay product muon is extremely small.
cle. However, the detection and the distinction of low energy electrons and
low energy pions results additional difficulties for this analysis. A very del-
icate selection procedure had to be set up in order to maximize the signal
background ratio - crucial because of the low cross section of the process in
question.
8.3.1 Feasibility study
Let’s first check how difficult it could be to detect the weak signal of two-
photon J/Ψ production through the electronic decay channel. We need to
determine various efficiencies, momentum and mass resolution, and make
some estimate to the expected background.
According to recent theoretical predictions [79], the calculated cross sec-
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Figure 49: a.) The momentum resolution (momentum difference of the sim-
ulated (MC) and reconstructed particles). b.) The mass resolution (mass
difference of the simulated (MC) and reconstructed J/Ψ particle)
tion of the e+e− → e+e−J/ΨX process varies between 6.4 and 0.39 pb de-
pending on the underlying theoretical model. Thus having ≈ 600pb−1 inte-
grated luminosity in the last 3 year of LEP2, the expected number of such
events is between 3840 - 234. Taking into account the J/Ψ → e+e− de-
cay channel’s branching ratio (5%) we arrive to an event statistics 200 − 11
event/3 years. This number decreases further due to the limited geometri-
cal acceptance and selection efficiency. Having the low-energy two-particle
mass resolution, σ of our detector determined, (Figure 49) we can estimate
the level of background suppression necessary for a 5σ or 3σ signal detection.
Since the width of J/Ψ is very narrow, the mass peak will follow the detector
resolution, i.e. the ≈ 95% of the events will be inside the ±2σ band. So,
the statistical fluctuations (
√
Nbckg) of the background events (Nbckg) in a
4 σ = 4 ∗ 0.086 GeV band should be 3 or 5 times less than the signal events.
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Putting this all together:
0.95 ∗ 11 events ≈ 10 events > 3 ∗
√
Nbckg (95)
which means that the number of background events in a 4 ∗ 0.086=0.344
GeV/c2 mass band should be less than 9, i.e. the background event rate
should be less than ≈ 27 event/GeV/c2.
If we are able to supress the non-J/Ψ events to this rate than we have a
good chance for signal detection. This requires a very delicated event selec-
tion and particle identification procedure, described in the next subsection.
8.3.2 Low-energy recalibration
As mentioned several time, the L3 detector has been calibrated to high energy
particles (several 10s GeV). We can’t be sure, that the calibration can be
extended to our low-energy regime. One way to see this, is to compare the Et
and Pt distribution of the electrons, and apply a calibration factor to shift the
mean of the Et/Pt ratio distribution to 1. Of course we cannot use here the
MC, the calibration has to be done using the data itself, which means that we
have to use an independent method to select electrons. One way could be to
use other processes where we can be sure that the sample is highly dominated
by electrons (like the low energy regime of the e+e− → e+e−e+e− process)
and select electrons imposing the following conditions on the particles:
• The ratio of the energy deposit in the central and in the surrounding
crystals in the BGO should be greater than 0.5 (shape) (E1/E9 > 0.5)
• The ratio of the energy deposit in the central 9 and in the surrounding
25 crystals in the BGO should be greater than 0.95 (compactness)
(E9/E25 > 0.95)
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One has to see how often these calibration factors are changing and modify
them accordingly. We found that a half-yearly recalibration was sufficient
and it’s extent does not go over 5 %.
Given the low cross section of the process and the small width of the J/Ψ
mass peak, this recalibration is of utmost importance.
8.3.3 Low-energy particle identification
The relatively low energy of the J/Ψ decay products make their proper iden-
tifications difficult. The electron identification is based on an ECAL clus-
ter, with a shower shape consistent with that of an electromagnetic particle,
matching with a charged track within 100 mrad in the plane transverse to the
beam direction. The momentum of the electron candidate must be greater
than 600 MeV. To achieve high efficiency and high purity, the electron iden-
tification is based on a neural network [92], which combines 10 variables: the
energy in ECAL, the momentum, the ionization energy loss in TEC, the ra-
tio of the transverse energy in ECAL to the transverse momentum in TEC,
the number of crystals in the shower, three inputs describing the shower
shape in ECAL, the corresponding energy in the hadronic calorimeter and
its fraction within 7o cone. The neural network is a simple 3 layer - with 1
hidden layer - feedforward neural network with standard error back propaga-
tion learning function (Figure 50). A mix of 30.000 particles (MC generated
electrons and low energy e+e− → e+e−e+e− data) has been used to train
the neural network for the signal and an other 30.000 for the particles to
be rejected. As a result, choosing an appropriate cut-off value the electron
identification with the neural network has an efficiency of 89, 2 ± 1.6% with
a purity of 90.2±1.5%, as determined from a third (validation) set of Monte
Carlo events.
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Figure 50: The layout of the neural network used for electron identification
in the SNNS GUI
In Figure 51 the response of the neural network is plotted for electrons
and for other particles. We found a cut-off value around ≈ 0.7 suitable for
achieving the above mentioned efficiency and purity.
8.3.4 Event selection
We then collected events with the following properties:
• the momentum of the particles greater than 200 MeV/c,
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Figure 51: The respond of the NN for electrons and for other particles. Please
note, that the electron distribution is scaled for better visibility !
• the relative error on the momentum is less than 60%,
• the number of TEC hits is greater then 14,
• impact parameter of the track along the beam axis is less than 21 mm,
• impact parameter of the track transverse to the beam axis is less than
3 mm,
• two opposite charge electron identified by the neural network
• the electron tracks should not come from any secondary vertices
• polar angle of particle tracks with respect to the beam axis 10o < Θ <
70o.
• at least 4 track satisfying the (above) track selection cuts
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• the sum of transverse energy components with respect to the beam
direction for all charged particle tracks (Σ
√
p2t +mpi2) is greater than
3 GeV.
A total of Nsctd=1785 events have been selected.
8.3.5 Background events
There could be a few other processes contributing to these events with fake
signals. Relying on their Monte Carlo simulations we estimated the expected
number of background events for the following interactions,
• e+e− → Z/γ → J/Ψ + X
• γγ → χc2 → J/Ψ + π+π−π0
• γγ → χc2 → J/Ψ + γ
and found that their luminosity corrected contribution does not exceed the
2 events. The e+e− annihilation is filtered out because of our visible energy
cut, the 2 different two-photon χc2 production are suppressed by phase space
cuts and by the requirement of the presence of 4 charged tracks respectively.
8.3.6 Selection efficiency
In order to estimate the real cross section of the process we have to take
into account the selection efficiencies. The PYTHIA [85] generator has been
used for this purpose. The generated events passed through the complete
L3 detector simulation and were treated in the same way as the real data.
We found that the overall selection efficiency for the e+e− → e+e−J/ΨX
process is around 2 ± 0.2%. One has to bear in mind that this number very
much depends on the phase space distribution of the J/Ψ production which
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is heavily influenced by theoretical uncertanities. The 1.2% error is only the
statistical error, we estimate an other 60% which comes for the theoretical
ambiguities present in the Monte Carlo program.
8.3.7 Cross section
The distribution of the e+e− invariant masses is plotted on Figure 52. A
clear accumulation of events is seen around the nominal JΨ mass (3096
MeV), however its shape and significance is distorted by the relative high
number of other events. Instead of fitting the peak and the background with
let’s say a gaussian and a polinomial function respectively, we just estimate
the number of signal events under the peak, since the fit would have anyway
a big uncertainity.
Adding together the content of only the 3-4 middle mass bin we estimate
the number of signal events to be NJ/Ψ ≈ 20. Now, we can derive the visible
cross section and estimate the total cross section:
σvis(e
+e− → e+e−J/ΨX) = NJ/ΨLB =
20 ± 4.5
610 pb−1 ∗ 0.059 = 0.59±0.12 pb (96)
where L is the integrated e+e− luminosity, B is the J/Ψ → e+e− branching
fractions. Taking into account the selection efficiency, as well:
σest(e
+e− → e+e−J/ΨX) = NJ/ΨLBεselεtrigg = (97)
20 ± 4.5
610 pb−1 ∗ (0.02 ± 0.012) = 27.7 ± 6.25(stat) ±−9/+ 27(sys) pb (98)
The precision of our result is strongly influenced by statistical and systemat-
ical uncertainties, so only the order of magnitude should be taken seriously,
but which is in agreement with the measurement of the Delphi Collaboration.
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Figure 52: The distribution of the e+e− invariant mass. A clear accumulation
of events is seen around the nominal J/Ψ mass.
8.3.8 The pt distribution
The p2t distribution could be used to estimate the contribution of the ’diffrac-
tive’ and ’resolved’ events [78]. The ’diffractive’ events peak more sharply
near zero, while that of the ’resolved’ ones have longer tail. The data could
be fitted with a combination of the two in the following way
dN
dP 2t
= f × dN
dP 2t
|Diffractive + (1 − f) × dN
dP 2t
|Resolved (99)
140 8 INCLUSIVE J/Ψ PRODUCTION
Figure 53: The P 2t distribution of the selected e
+e− pairs.
and then the relative importance of the two processes can be determined.
Taking into account that the ’diffractive’ and ’resolved’ events have very
different selection efficiencies a more precise cross section calculation could be
performed, as well. However, due to our limited statistics we just compare the
data to the full MC sample without trying to estimate the relative importance
of the two processes.
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8.3.9 Angular studies
Having a look to the angular distribution of the decay products could give a
hint about the polarization of the J/Ψ mesons produced. The decay angle
(θ) of the e− in the J/Ψ rest frame respect to the J/Ψ momentum is plotted
on Figure 54, together with a fit of the form 1−a∗cos(Θ)2. The distribution
is corrected with the acceptance of the detector. Figure 54 a.) is for the full
sample while b.) is for the events with P 2t > 1GeV
2/c2. Both distribution is
consistent with the unpolarized decay of a spin-1 particle. The parameter a
in the two cases has the value a = 1.12±0.38 and a = 1.69±0.45 respectively,
as such we do not see important contribution from diffractive events.
Figure 54: a.) The angular distribution of the decay product e− in the
J/Ψ rest frame for the full selected sample, and b.) for the events having
P 2t > 1GeV
2/c2.
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8.4 Summary
We studied the inclusive J/Ψ production in γγ collisions. The data analyzed
were taken by the L3 collaboration during the years of 1998-2000 in the 189-
206 GeV energy range and correspond to an integrated luminosity of around
≈ 610 pb−1. It was not possible to perform the observation through the
muonic decay of the J/Ψ due to the relatively low momentum of the outgoing
muons, but a clear signal is detected in the electronic decay channel. We have
determined the visible cross section and given an estimation of the real cross
section of the e+e− → e+e−J/ΨX process, which is 27.7±6.25(stat)±−9/+
27(sys) pb. Our result is consistent with the previous measurement. We
also presented the helicity distribution for the full sample and for the P 2t >
1GeV 2/c2 region. The quality of the data, the lack of reliable Monte Carlo
generators and the very limited statistics do not allow further meaningful
investigation such as the fraction of diffractive and resolved components, the
properties of the system X, etc.
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9 Summary and conclusion
In the dissertation, the outcome of the experimental studies of two-photon
lepton pair and vector meson production are summarized. The presented
results are based on the data recorded by the L3 detector in the 161 - 208
GeV e+e− center-of-mass energy range between the years 1996 and 2000.
The collected data corresponds to an integrated luminosity ≈ 610 pb−1.
Charged lepton-pair production in two-photon collisions offers an efficient
tool to test QED computations to order O(α4) over a wide kinematical range
and their study is of utmost importance for the understanding of the low
energy behavior of the detector and for the study of other γγ reaction.
With the observation of exclusive and inclusive (diffractive) vector meson
production by two photons various theoretical models and QCD calculations
can be tested and the nature of the elusive pomeron and odderon could be
better understood. Studying these processes could give further information
- for example - to photoproduction and hadronic cross sections at low ener-
gies. It has also been pointed out that inclusive J/Ψ production is a sensitive
channel for investigating the gluon distribution in the photon. The ”diffrac-
tive” and ”resolved” processes are responsible for the various observed cross
sections which we attempted to measure.
The work and the results of this thesis could be grouped as the following:
• Measurement of the e+e− → e+e−e+e−, e+e− → e+e−μ+μ− cross sec-
tions at various e+e− center-of-mass energies and the determination of
the γγ → e+e− and the γγ → μ+μ− yield as the function of the two-
photon invariant mass Wγγ . This measurement has been performed
for the first time at such energies and a very good agreement with the
QED expectations has been found.
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• Measurement of the diffractive γγ → ρ0ρ0 cross section at high statis-
tics, determination of its t dependence, and also calculating it in the
available phase space using the semi-hard approach.
• Exploring the properties of the γγ → π+π−π+π− and γγ → π+π−π0π0
channels.
• Observation of the elusive γγ → f2(1270)X reaction.
• Measurement of the visible cross section for the inclusive process e+e− →
e+e−J/ΨX Despite the intensively ongoing theoretical works, there has
been only one single experiment measuring this process before.
For an overview we plotted the various measured cross sections on Figure
55.
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Figure 55: The cross sections of the various e+e− → e+e−X and γγ → X
processes determined and presented in this thesis. The various cross sections
are measured in different phase spaces, thus they should not be compared
to each other. The only purpose of this plot is to visually summarize the
cross-section measurement results of this thesis. The left and bottom axes
is for the e+e− → e+e−X processes, while the top and right ones for the
γγ → X processes.
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Year E√s [GeV ] L [nb−1] Lused [nb−1] Nev
1996 161 10904 9347 165
1996 172 10250 9561 199
1997 183 62472 58137 1250
1998 189 176773 168207 3812
1999 199 234461 217633 4773
2000 206 218128 202955 4792
Table 1: The e+e− → e+e−μ+μ− channel. Observed integrated luminosities
(before and after badrun substraction) and the number of selected events
over the years.
E√s [GeV ] MCid L [1/nb] Nev,gen Nev,p.s. Nev,sel. εsel σp.s. [nb]
161 PAM22 82904 99900 9467 1593 0.1682 0.114
172 PAM23 82904 99900 9431 1698 0.1800 0.113
183 PAM24 248000 310000 29159 5283 0.1812 0.118
189 PAM27 237638 299900 28226 5507 0.1951 0.119
199 PAM32 77881 100000 9369 1692 0.1805 0.120
206 PAM40/41 312801 404923 38098 7269 0.1908 0.122
Table 2: The e+e− → e+e−μ+μ− channel. The ID of MC simulations, MC
luminosities, generated events, events in phase space (p.s.), selected MC
events, selection efficiencies and e+e− → e+e−μ+μ− cross sections in phase
space (see text) over various e+e− centre-of-mass eneries.
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Process σ [pb] Sel. eff [%] Expected n. of events
e+e− → Z0/γ → τ+τ− 6.761 0.46 6.74
e+e− → e+e−τ+τ− 435.0 0.01 9.88
e+e− → Z0/γ → μ+μ− 6.935 0.32 4.81
e+e− → Z0Z0 → leptons 1.32 0.05 0.14
e+e− →W+W− → leptons 0.221 0.521 0.239
Total 21.81 ≈ 0.48 %
Table 3: The e+e−μ+μ− channel. The various background processes, their
cross sections and selection efficiencies and the number of expected events at
√
se+e− = 206 GeV .
√
se+e− [GeV ] 161 172 183 189 198 206
εtrigg [%] 99.35 98.41 99.78 99.65 99.75 99.70
Δεtrigg [%] 0.029 0.027 0.0033 0.002 0.002 0.002
Table 4: The e+e−μ+μ− channel. The Level-1 trigger efficiency and it’s
uncertanity at different e+e− center of mass energies.
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√
se+e− [GeV ] σ [pb] N δN δL δεsel Δσ [pb]
161 101.4 165 12 0.095 0.021 7.2 ± 2.6
172 119.2 199 14 0.091 0.024 7.6 ± 3.1
183 117.7 1250 35 0.085 0.021 3.4 ± 1.9
189 117.1 3812 61 0.061 0.019 1.8 ± 1.8
198 118.9 4773 69 0.057 0.015 2.0 ± 2.2
206 122.6 4792 69 0.063 0.018 1.8 ± 1.7
Table 5: The measured cross section and it’s sources of uncertanity at differ-
ent e+e− center-of-mass energies. a.)
√
se+e− b.) e
+e− → e+e−μ+ μ− cross
section c.) number of selected events d.) error on selected events, e.) error





se+e− =183 GeV 189 GeV 198 GeV 206 GeV QED
3.0-4.0 24.3 ± 9.9 28.0 ± 6.6 25.2 ± 6.4 27.7 ± 6.1 26.8
4.0-5.0 21.5 ± 3.7 23.0 ± 2.7 25.2 ± 2.8 24.0 ± 3.0 21.5
5.0-6.0 18.4 ± 1.9 18.6 ± 1.5 21.6 ± 1.6 19.1 ± 1.6 18.6
6.0-7.0 14.5 ± 1.5 16.8 ± 1.3 18.8 ± 1.4 16.1 ± 1.3 17.0
7.0-8.0 12.3 ± 1.5 15.3 ± 1.3 14.9 ± 1.4 18.5 ± 1.7 15.2
8.0-10.0 11.5 ± 1.3 12.9 ± 1.0 12.4 ± 1.1 12.9 ± 1.1 13.2
10.0-15.0 8.9 ± 1.0 9.3 ± 0.8 9.1 ± 0.8 8.3 ± 0.7 9.6
15.0-20.0 6.0 ± 1.0 6.1 ± 0.7 6.2 ± 0.8 6.6 ± 0.8 6.2
20.0-40.0 3.1 ± 0.6 3.3 ± 0.4 3.2 ± 0.5 3.6 ± 0.5 3.2
Table 6: The cross section of the γγ → μ+μ− process with its combined
statistical and systematical uncertanities for different Wγγ center-of-mass en-
ergies.
√
se+e− [GeV ] 161 172 183 189 198 206
εtrigg [%] 99.35 98.41 99.78 99.65 99.75 99.70
Δεtrigg [%] 0.029 0.027 0.0033 0.002 0.002 0.002
Table 7: The e+e− → e+e−e+e−. The Level-1 trigger efficiency and it’s un-
certanity at different e+e− center of mass energies for the e+e− → e+e−e+e−
process.
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E√s [GeV ] MCid L [1/nb] Nev,gen Nev,p.s. Nev,sel. εsel σp.s. [nb]
161 PAE18 163297 210000 38387 9783 0.254 0.235
172 PAE19 153461 199500 36715 9362 0.254 0.239
183 PAE20 359363 474000 87104 48995 0.5625 0.242
189 PAE29 337586 499965 82586 47189 0.5713 0.244
199 PAE28 74626 100000 18417 10493 0.5697 0.246
206 PAE34 371429 499944 92119 52510 0.5700 0.248
Table 8: The ID of MC simulations, MC luminosities, generated events,
events in phase space (p.s.), selected MC evenets, selection efficiencies and
e+e− → e+e−e+e−(γ) cross sections in phase space (see text) over various
e+e− centre-of-mass energies.
√
se+e− [GeV] 161 172 183 189 198 206
σ [nb] 225±4.1 240±4.7 243±5.52 251±5.64 245±5.61 250±6.67
Table 9: The measured cross section of the e+e− → e+e−e+e−(γ) process in
the |cos(Θ)| < 0.8| phase space.
E√s [GeV ] L [1/nb] εsel εtrig ND NB
189 172.1 1.18 ± 0.04 71.8 ± 1.3 85 25
196 220.9 1.29 ± 0.05 60.1 ± 1.6 97 31
206 215.1 1.08 ± 0.04 58.0 ± 0.9 84 29
Table 10: The e+e− → e+e−τ+τ− channel. Centre-of-mass energied and cor-
responding integrated luminosities. The selection efficiency, εsel, and trigger
efficiency, εtrigg, are also given together with the number of observed events,
ND, and the background contribution, NB.
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E√s [GeV ] σData [pb] σQED [pb]
189 459 ± 68 ± 33 422.6
198 454 ± 67 ± 42 452.3
206 459 ± 76 ± 35 466.0
Table 11: The e+e− → e+e−τ+τ− channel. The cross sections of the processes
e+e− → e+e−τ+τ− with their statistical and systematical uncertanitied at
different
√
s values compared to QED expectations.
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